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PREFACE 


Production  planning  and  control  has  for  many  years  been  considered  a  some¬ 
what  glorified  clerical  occupation,  concerned  mainly  with  masses  of  forms  that 
should  be  kept  in  circulation,  but  having  little  authority  in  formulating  policies 
or  maldng  decisions:  humdrum  routine  and  no  glamor.  In  recent  years,  however, 
it  has  become  more  and  more  apparent  that  production  planning  and  control 
systems  are  one  of  the  basic  activities  that  determine  the  effectiveness  of  a 
production  enterprise;  that  problems  relating  to  iitilization  of  production  facili¬ 
ties  involve  operational  analysis  and  policy  evaluation  of  the  highest  degree;  in 
short,  that  there  is  far  more  to  production  planning  and  control  than  a  few 
cleverly  designed  forms.  If  properly  taught  and  applied,  this  subject  is  perhaps 
one  of  the  most  exciting  fields  in  industrial  engineering. 

This  volume  is  an  attempt  to  present  some  of  the  basic  principles  of  production 
planning  and  control  and  to  indicate  in  what  way  it  is  interwoven  mth  other 
functions  in  the  framework  of  production  management.  As  the  subject  is  of 
interest  to  engineers  practicing  in  this  field  as  well  as  to  students  both  at  under¬ 
graduate  and  graduate  level,  presentation  of  the  material  in  a  form  suitable  to 
all  three  parties  is  probably  an  impossible  task.  Certain  chapters  and  sections 
are  therefore  marked  mth  an  asterisk  to  indicate  that  these  can  be  omitted  in 
the  more  elementary  courses  or  by  those  interested  in  the  subject  from  a  more 
cursory  viewpoint. 

Thanks  are  due  to  all  those  firms  who  willingly  supplied  information  and 
material,  and  ’whose  assistance  is  acknowledged  in  the  text,  and  also  to  my  stu¬ 
dents,  who  listened,  commented,  and  criticized.  I  am  particularly  grateful  to 
my  wife,  who  has  been  more  than  just  a  constant  source  of  encouragement,  but 
has  made  many  invaluable  suggestions.  Finally,  acknowledgement  is  due  both 
to  the  Israel  Institute  of  Technology,  Haifa,  and  to  Imperial  College,  London, 
for  providing  facilities  that  made  this  work  possible. 

London  S.E. 
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FUNCTIONS  OF  PRODUCTION 
PLANNING  AND  CONTROL 


“The  highest  efficiency  in  production  is  obtained  by  manufacturing  the  re¬ 
quired  quantity  of  product,  of  the  required  quahty,  at  the  required  time,  by  the 
best  and  cheapest  method.”^  To  attain  this  target,  management  employs 
production  planning  and  control,  the  tool  that  coordinates  all  manufacturing 
activities. 

Production  consists  of  a  sequence  of  operations  that  transform  materials 
from  a  given  to  a  desired  form.  The  transformation  may  be  done  in  one  or  in  a 
combination  of  the  following  ways: 

1.  Transformation  by  disintegration,  having  essentially  one  ingredient  as 
input  and  producing  several  outputs.  This  transformation  is  almost  invariably 
accompanied  by  changes  in  the  physical  shape  of  the  input,  such  as  changes  in 
the  physical  state  or  in  the  geometrical  form.  Examples:  producing  lumber  in  a 
sawmill,  rolling  steel  bars  from  cast  ingots,  making  components  from  standard¬ 
ized  materials  on  machine  tools,  oil-cracking  which  yields  several  products,  etc. 

2.  Transformation  by  integration  or  assembly,  using  several  components  as 
inputs  and  obtaining  essentially  one  product  as  output.  Examples:  producing 
machines,  furniture,  household  appliances,  automobiles,  radio  and  television 
sets,  alloys,  sulfuric  acid,  concrete,  etc. 

3.  Transformation  by  service,  wffiere  virtually  no  change  in  the  object  under 
consideration  is  perceptible  but  where  certain  operations  are  performed  to 
change  one  of  the  parameters  which  define  the  object.  This  may  include:  opera¬ 
tions  for  improving  the  tensile  strength,  density,  crystallographic  structure, 
w^ear,  or  other  mechanical  properties  of  the  object;  operations  that  change  its 
locality  or  state  by  transportation  or  handling  means;  maintenance  operations. 
Examples:  sizing  and  coining  in  press  work,  servicing  and  light  repairs  of  auto¬ 
mobiles,  loading  and  unloading  of  trucks,  etc.  Many  pure  service  operations  are 

^Alford,  L.  P.,  and  Bangs,  J.  R.,  Production  Handbook^  Ronald  Press  Co.,  1952  (a  later 
edition,  edited  by  Carson,  G.  B.,  was  published  in  1958.) 
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not  considered  to  be  part  of  industry,  but -the  planning  and  control  of  such 
operations  is  basically  similar  to  those  of  industrial  operations.  By  analogy  one 
could  say  that  ‘'the  highest  efficiency  in  servicing  is  obtained  by  processing 
throngh  the  serYice  station  the  required  volume,  offering  the  required  quality, 
at  the  required  time,  by  the  best  and  cheapest  method.” 

The  four  factors  mentioned  above — namely;  quantity,  quality,  time,  and 
pjiee — encompass  the  production  system,  of  which  production  planning  and 
control  is  the  brain.  Three  distinct  stages  comprise  every  activity  in  such  a 
system:  planning,  operations,  and  control. 

Planning  begins  with  an  analysis  of  the  given  data,  on  the  basis  of  which  a 
scheme  for  the  utilization  of  the  firm’s  resources  can  be  outlined  so  that  the 
desirable  target  may  be  most  efficiently  attained.  The  production  plan  sets  sub- 
targets  for  the  various  departments  in  terms  of  predetermined  time  periods,  and 
these  suhta:^ets  are  so  defined  that  in  achieving  them  the  over-all  aim  is 
imlized. 

Cpemtions  are  performed  in  accordance  with  the  details  set  in  the  production 
plan. 

Oontrd  initiates  and  supervises  operations  with  the  aid  of  a  conlxol  mechanism 
that  feeds  hack  information  about  the  progress  of  the  work.  This  mechanism  is 
also  responsible  for  subsequently  adjusting,  modifying,  and  redefining  plans  and 
targets,  in  order  to  ensure  the  attainment  of  the  first  goal. 

Hence,  production  planning  and  control  may  be  summarily  defined  as  the 
direction  and  {x>ordination  of  the  firm’s  material  and  ph^^sical  facilities  toward 
the  attainment  of  pr^ecified  production  goals,  in  the  most  efficient  available 
way.  In  ife  capacity  as  the  brain  and  the  central  nervous  system  of  the  produc¬ 
tion  program,  production  planning  and  control  is  responsible  for  having  avail¬ 
able  every  pert  and  assembly  at  the  right  time  at  the  right  place,  in  order  to 
ascertain  progress  of  operations  according  to  a  predetermin^i  time  and  place 
schedule.  Speeificaly,  the  functions  of  production  planning  and  control  (see 
Mg.  1-1)  can  be  clarified  in  ten  categories. 

Mat«ials 

Raw  materials,  as  well  as  standard  finished  parts  and  semifinished  products, 
must  be  available  when  required,  to  ensure  that  each  production  operation  will 
start  on  time.  Duties  include  the  specMeation  of  materials  (both  with  respect  to 
dimensions  and  quality),  quantities  and  availability,  delivery  date,  standardiza¬ 
tion  and  reduction  of  variety,  procurement  and  inspection.  IMs  function  also 
covers  the  procurement  of  semifinished  products  fmm  subcontractors. 

Ketiiois 

Hie  purpose  of  this  function  is  to  analyze  possible  methods  of  manufacture 
and  to  try  define  tire  best  method  compatible  with  a  given  set  of  circum- 
steices  and  faciliti^.  This  analy^  covers  both  the  general  study  and  selection 
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of  prodnction  processes  for  the  manufacture  of  components  or  assemblies  and 
the  detailed  development  and  specifications  of  methods  of  application. 

Such  a  study  results  in  determining  the  sequence  of  operations  and  the 
division  of  the  product  into  assemblies  and  subassemblies,  modified  by  the 
limitations  of  existing  layout  and  work  flow. 

Machines  and  equipment 

Methods  of  manufacture  have  to  be  related  to  available  production  facilities, 
coupled  with  a  detailed  study  of  equipment  replacement  policy.  Maintenance 
poMcy,  procedure,  and  schedules  are  also  functions  connected  with  managerial 
responsibility  for  equipment,  since  the  whole  problem  of  breakdowns  and 
reserves  can  be  seriously  reflected  in  halts  in  production.  Tool  management,  as 
well  as  problems  both  of  design  and  economy  of  jigs  and  fixtures,  constitutes 
some  of  the  major  duties  of  production  planning  and  control. 

Routing 

Once  the  over-aU  methods  and  sequence  of  operations  have  been  laid  down, 
each  stage  in  production  is  broken  down  to  define  each  operation  in  detail,  after 
which  the  issue  of  production  orders  can  be  planned.  Routing  prescribes  the 
flow  of  work  in  the  plant  and  is  related  to  considerations  of  layout,  of  temporary 
storage  locations  for  raw  materials  and  components,  and  of  materials  handling 
systems.  Routing  is  a  fundamental  production  function  on  which  all  subsequent 
planning  is  based. 

Estimating 

When  production  orders  and  detailed  operation  sheets  are  available  with 
speciflcations  of  feeds,  speeds,  and  use  of  auxiliary  attachments  and  methods, 
the  operation  times  can  be  worked  out.  This  function  involves  the  extensive  use 
of  operation  analysis  in  conjunction  with  methods  and  routing,  as  well  as  work 
measurement,  in  order  to  set  up  performance  standards.  The  human  element 
figures  prominently  in  work  measurement  because  it  is  sensitive  to  systems  of 
work  ratings  and  wage  incentive  schemes.  Hence  it  may  consequently  reflect  in 
a  wide  scatter  of  operation  times  and  in  unduly  large  fluctuations  and  perhaps 
instabilities  in  time  schedules. 

Idoading  and  scheduling 

Machines  have  to  be  loaded  according  to  their  capability  of  performing  the 
given  task  and  according  to  their  capacity.  Machine  loading  is  carried  out  in 
conjunction  with  routing,  to  ensure  smooth  work  flow,  and  with  estimating,  to 
ensure  that  the  prescribed  mfethod,  feeds,  and  speeds  are  best  utilized.  Schedul- 
ing  is  perhaps  the  toughest  job  facing  a  production  manager  because  it  deter¬ 
mines  the  utilization  of  equipment  and  manpower  and  hence  the  efficiency  of 
the  plant.  Scheduling  must  ensure  that  operations  are  properly  dovetailed,  that 


4 


ProdwiMM  Planning'  and  Oonircd 


semifiinslied  componente  ajrrive  at  their  next  station  in  tune,  that  assembly 
work  is  not  delayed,  and  that  on  the  other  hand  the  plant  is  not  unnecessarily 
loaded  both  phvsically  and  financially  with  work  in  process,  i.e.,  with  semi- 
j&nished  components  waiting  for  their  next  operation.  This  calls  for  a  careful 
analvsis  of  process  capacities,  so  that  flow  rates  along  the  various  production 
lines  can  be  suitably  coordinated.  In  machine  loading,  appropriate  allowances 
for  setup  of  machines,  process  adjustments,  and  maintenance  down  time  have 
to  be  made,  and  th^e  allowances  form  a  vital  part  of  the  data  constantly  used 
by  the  scheduling  function. 

Bis;^tching 

This  function  is  concerned  with  the  execution  of  the  planning  functions.  Bis- 
imtching  is  “the  routine  of  setting  productive  activities  in  motion,  through  re¬ 
lease  of  ordeis  and  instructions  and  in  accordance  with  previously  planned  times 
and  sequences  as  embodied  in  route  sheets  and  loading  schedules.”^  Dispatching 
authorizes  the  start  of  production  operations  by  releasing  materials,  com¬ 
ponents,  tools,  fixtures,  and  instruction  sh^ts  to  the  operator,  and  ensures  that 
material  movement  is  carried  out  according  to  the  planned  routing  sheets  and 
to  schedule. 

Expediting 

This  eonte>l  tool  is  the  executive  arm  that  keeps  a  close  watch  on  the  progress 
of  the  work.  Expediting,  or  “folow-up”  or  “progre^”  as  it  is  sometimes  called, 
is  a  logical  step  after  dispatching.  Dispatching  initiates  the  execution  of  pro¬ 
duction  plans,  whereas  expediting  maintains  them  and  se^  them  through  to  their 
successful  completion.  This  function  has  to  keep  close  liaison  with  scheduling,  in 
order  to  provide  efficient  feedback  and  prompt  review  of  targets  and  schedules. 


Another  major  control  function  is  that  of  inspection.  Although  the  control  of 
quality  is  often  detached  from  the  production  planning  and  control  department, 
its  findings  and  criticisms  are  of  supreme  importance  both  in  the  execution  of 
current  plans  and  in  the  planning  stage  of  future  undertakings,  when  the 
limitations  of  proce^es,  methods,  and  manpower  are  known.  These  limitations 
€min  form  a  basis  for  further  investigations  in  evaluating,  with  the  view  to 
improving  production  methods  or  indicating  the  cost  implcations  of  quality  at 
the  design  stage. 

Evaiualing 

Perha|B  the  most  neglected  function,  but  an  essential  link  between  control 
and  future  planning,  is  that  of  evaluating.  The  executive  tasks  of  dispatching 
and  expediting  are  concerned  with  the  immediate  issues  of  prc^uction  and  with 
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measures  that  will  ascertain  the  fulfillment  of  set  targets.  Valuable  information 
is  gathered  in  this  process,  but  the  feedback  mechanism  is  rather  limited  in 
nature  and  unless  provision  is  made  so  that  all  this  accumulated  information  can 
digested  and  analyzed,  valuable  data  may  be  irretrievably  lost.  This 
is  where  the  evaluating  function  comes  in :  to  provide  a  feedback  mechanism  on 
a  longer  term  basis  so  that  past  experience  can  be  evaluated  with  the  view  to 
improving  utilization  of  methods  and  facilities.  Many  firms  consider  this 
function  important  enough  to  divorce  part  of  it  from  production  planning  and 
control  and  to  establish  it  as  a  separate  department  in  its  own  right,  in  which 
wider  aspects  of  production  management  can  be  studied,  using  modern  tools  of 
operations  research.  Whatever  the  scope  of  evaluating  in  the  production  plan¬ 
ning  and  control  department,  this  process  is  an  integral  part  of  the  control 
function. 

The  ten  functions  were  listed  above  in  the  order  of  their  operation  and  are 
further  discussed  in  Chapter  3.  As  shown  in  Fig.  1—1,  they  are  related  to  three 
stages:  preplanning,  planning,  and  control. 


H - Preplanning  - ^ - Planning . . . >j< - Confrol  — 

Figure  1-1.  The  ten  functions  of  production  planning  and  control  cycle. 


Preplanning 

This  covers  an  analysis  of  data  and  outline  of  basic  planning  policy  based  on 
sales  reports,  market  research,  and  product  development  and  design.  On  the 
broad  aspects  of  planning,  this  stage  is  concerned  with  problems  of  equipment 
policy  and  replacement,  new  processes  and  materials,  layout,  and  work  flow. 

Preplanning  production  as  a  production  planning  and  control  responsibility 
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is  also  preoecTipied  with  coUecting  data  on  the  “4  M’s,”  i.e.,  on  materials, 
methods,  machines,  and  manpower,  mainly  with  respect  to  availability,  scope, 

and.  capacity. 

Planning  _  -  n 

When  the  task  has  been  specified,  a  thorough  analysis  of  the  ^  4^M  s  is  first 

undertaken  to  select  the  appropriate  materials,  methods,  and  facilitms  by  means 
of  which  the  work  can  be  accomplished.  As  already  mentioned,  this  analysis  is 
foUow«i  by  routing,  estimating,  and  scheduling.  The  more  detailed,  reahstic, 
and  precise  the  planning,  the  greater  conformity  to  schedules  achiev^  durmg 
production,  and  subsequently  the  greater  the  efficiency  of  the  plant.  There  are 
two  aspects  of  planning:  a  short-term  one,  concerned  with  immediate  production 
programs,  and  a  long-term  phase,  where  plans  for  the  more  distant  future  are 
eoi^dered  and  shaped.  Prominent  planning  functions  are  those  dealing  wit 
standardization  and  simplification  of  products,  materials,  and  methods. 


Cmimi 

This  stage  is  effected  by  means  of  dispatching,  inspection,  and  expediting. 

Control  of  inventories,  control  of  scrap,  analysis  of  work  in  process,  and  control 
of  transportation  are  essential  links  of  this  stage.  FinaUy,  evaluation  takes  place 
to  complete  the  production  planning  and  control  cycle.  Profe^or  Norbert 
Wiener  has  said  of  the  social  system  that  it  “is  an  organization  like  the  u^- 
vidual:  that  it  is  bound  together  by  a  system  of  communications:  and  that  it  has 
a  dynamics,  in  which  circular  processes  of  a  feedback  nature  play  an  important 
part.”®  If  this  is  true  of  the  social  system,  it  is  certainly  true  of  the  production 
svstem.  Once  the  main  policies  have  been  defined  by  management,  produc¬ 
tion  plarinmg  and  control  is  the  director  and  coordinator  of  the  plant  production 
operations,  having  a  similar  function  to  that  of  a  brain  coordinating  an  animal’s 
nervous  system.  The  control  fimictions  have  a  very  important  role  in  providing 
the  sources  of  feedback  information  to  ensure  necessary  corrective  actions. 

Effective  communication  systems  are  prerequisites  to  efficient  control  and  are 
riierefore  of  great  concern  to  production  planning  and  control. 

The  ten  functions  of  production  planning  and  control  were  related  in  what 
might  be  r^arded  as  a  chronological  order  in  the  production  procedure,  which 
wiU  be  further  discussed  in  Chapter  3.  It  is  important  to  stress,  however,  t^t 
there  is  a  very  strong  connection  and  interdependence  between  production 
pUnni-ng  and  control  and  other  industrial  engineering  functions,  some  of  which 
are  briefly  described  below. 


Plant  Layout 

Layout  not  only  affects  the  allocation  of  machine  to  perform  given  tasks, 
but  it  may  also  become  an  important  factor  at  the  design  stage  in  selection  of 
production  process^.  A  rigid  layout  may  hamper  the  integration  of  additional 

®  Wiener,  OfdemeMcs,  Jolm  Wiley  &  Sans,  1948. 
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equipment  in  a  specific  production  center,  either  through  lack  of  space  or 
limited  mobility  of  the  equipment.  This  may  lead  to  long  lines  of  transportation, 
which  increase  the  total  production  costs  and  the  amount  of  work  in  process. 
On  the  other  hand,  when  there  is  little  choice  between  processes,  machines,  or 
sequences  of  operations,  changes  in  plant  layout  must  often  be  undertaken  in 
the  light  of  production  planning  and  control  requirements,  in  order  to  achieve  a 
satisfactory  work  flow.  Thus,  production  planning  and  control  is  affected  by  the 
restrictions  imposed  on  the  system  by  the  layout,  and  at  the  same  time  it  may 
greatly  contribute  through  evaluation  to  modifications  in  layouts. 

Simplification  and  Standardization 

Production  of  different  components,  models,  or  products  leads  to  a  demand  for 
different  types  of  materials  and  methods  of  fabrication.  At  the  various  stages  of 
manufacture,  variety  may  therefore  occur  in  materials,  bought- out  parts,  manu¬ 
factured  components,  minor  and  major  assemblies,  or  finished  producte  as  well 
as  in  processes,  methods  of  manufacture,  tools,  jigs  and  fixtures,  machines,  etc. 
Simplification  and  standardization  are  functions  which  aim  at  defining  a  limited 
variety  of  different  t3rpes  so  that  the  basic  requirements  are  satisfied  and 
the  efficiency  of  the  plant  is  increased.  Most  aspects  of  simplification  and 
standardization  are  the  joint  responsibility  of  several  departments;  e.g.,  the 
question  of  limiting  the  variety  of  finished  products  would  involve  the  sales 
department,  production  departments,  and  the  design  office,  while  questions 
relating  to.  simplification  of  materials  would  also  include  inventory  control 
considerations  and  perhaps  involve  the  research  and  development  department. 
Some  aspects  of  simplification  and  standardization  are  the  major  responsibility 
of  the  production  planning  and  control  department,  such  as  problems  relating 
to  machines  and  methods. 

Time  and  Motion  Study 

This  field  is  closely  allied  to  efficient  utilization  of  manpower  and  to  sch^uHng 
problems.  Time  and  motion  study  consists  of  two  fields  of  activity:  operation 
analysis  and  work  measurement. 

1.  Operation  analysis  or  method  study,  which — as  the  name  suggests — 
consists  of  evaluation,  selection,  and  development  of  an  efficient  method  to 
perform  a  given  task.  Operation  analysis  is  concerned  both  with  problems  of 
limited  scope  (such  as  operator’s  work-place  layout,  an  activity  study  of  a  gang 
of  operators,  or  correlation  of  machine-operator  activities)  and  over-all  studies 
of  the  process,  in  which  all  aspects  of  routing,  plant  layout,  and  scheduling  may 
play  an  important  role. 

2.  Work  measurement,  which  is  concerned  with  establishing  standard  times 
for  the  various  operations  in  the  process  for  the  estimating  function  in  produc¬ 
tion  planning.  As  already  mentioned,  no  scheduling  can  even  be  attempted  before 
some  data  on  performance  times  become  available. 
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From  tile  foregomg  remarks  it  should  be  appreciated  that  time  and  motion 
study  is  employ^  both  at  the  planning  and  the  control  stages.  Development  of 
methods  and  information  regarding  the  measurement  of  processing  times  can 
be  obtained  in  two  ways: 

(i)  By  synthesis,  based  on  past  experience  of  similar  circumstances,  where  the 
same  processes  were  employed.  Synthesis  is  an  important  tool  at  the  planning 
stage. 

(ii)  By  analysis  of  an  existing  production  r^thod  and  measurement  of 
operation  times,  when  the  process  is  already  in  action.  This  obviously  belongs  to 
the  control  stage,  and  information  gathered  in  this  way  provides  a  basis  for 
replanning  and  readjusting  of  production  schedules,  when  these  are  proved  to  be 
unrealistic,  and  for  data  required  for  future  synthesis. 

Although  these  two  distinct  functions  of  time  and  motion  study  are  employed 
at  different  stages  of  production  planning  and  control  and  for  different  purposes, 
thev  share  the  same  philosophy,  the  same  approach,  the  same  techniques,  and 
even  if  they  can  be  divorced  in  time,  they  are  essentially  integral  parts  of  the 
same  field. 

Invenfory  Control 

The  importance  of  materials  availability  at  the  various  stages  of  production 
necessitates  a  mechanism  of  inventory  control  and  stores  organization.  Inven¬ 
tories  are  a  financial  burden  on  the  plant  and  management  of  stores  may  be  very 
costly.  Inventory  control  is  sometimes  a  very  complex  function,  as  its  policies 
are  not  dictated  by  mtemal  needs  and  considerations  alone  but  by  external 
factors  governing  the  purchasing  of  materials,  such  as  vendors’  offers  and  terms, 
market  availability,  transportation  problems,  and  credit  terms.  These  external 
factors  may  influence  both  quantities  and  delivery  dates  of  materials  and  com¬ 
ponents  and  have  to  be  taken  into  account  by  any  inventory  control  mechanism. 

Summary 

Production  planning  and  control  is  a  management  tool,  employed  for  the 
direction  of  the  manufacturing  operations  and  their  coordination  with  other 
activities  of  the  firm.  In  the  production  system,  w’Mch  is  primarily  defined  by  the 
dimensions  of  quantity,  quality,  time  and  price,  the  functions  of  production 
planning  and  control  comprise: 

Materials  (procurement,  stock  control,  issue) 

Methods  (proc^esses,  operations  and  their  sequence) 

Machine  (allocation  and  utilization) 

M,anpower  (availability) 

Routing  (flow  of  work) 

Estimating  (operation  tim^) 

Scheduling  (planning  Ihe  production  timetable) 
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Dispatching  (authorizing  the  start  of  operations) 

Expediting  (follow-up) 

Evaluating  (assessing  performance  effectiveness) 

The  work  of  production  planning  and  control  is  closely  interwoven  'with  other 

industrial  engineering  functions,  mainly  those  of  plant  layout,  equipment 

policies,  time  and  motion  study,  simplification,  and  standardization. 
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Problems 

(The  reader  may  find  that  reading  the  first  four  chapters  may  be  helpful  before 

attempting  the  following  problems.) 

1 .  Analyze  the  importance  of  each  of  the  functions  of  production  planning  and  con¬ 

trol  by  discussing  what  would  happen  if  each  one  in  turn  were  deleted. 

2.  Scheduling  is  a  planning  function  and  expediting  a  control  function.  In  a  small 

firm  it  was  proposed  to  allocate  both  responsibilities  to  one  person.  Would  you 
approve  of  such  a  scheme? 

3-  Analyze  the  following  statements  on  the  place  of  work  measurement  in  produc¬ 
tion  planning  and  control; 

(i)  Work  measurement  can  be  carried  out  only  when  the  process  is  in 
operation,  and  not  at  the  planning  stage.  Hence  work  measurement  is 
a  control  function  for  the  purpose  of  computing  bonuses,  but  as  data 
about  operation  times  are  not  available  at  the  planning  stage,  schedul¬ 
ing  is  a  superfluous  function. 

(ii)  Scheduling  is  essential  in  order  to  facilitate  the  control  of  load  distribu¬ 
tion  on  the  plant.  Work  measurement  must  therefore  he  a  planning 
function,  carried  out  on  a  “pilot  plant”  bas^,  all  the  operations  and 
methods  being  tried  out  and  measured  quantitatively  before  the  begin¬ 
ning  of  production. 

(iii)  Unless  work  measurement  is  carried  out  under  normal  operating 
conditions,  results  are  likely  to  be  erroneous;  hence  measurement  at 
the  planning  stage  must  be  ruled  out.  On  the  other  hand,  scheduling 
must  be  performed  before  production  starts.  Therefore  work  measure¬ 
ment  is  not  practical  and  is  just  a  waste  of  time. 

4.  \\Tien  asked  to  express  his  opinion,  a  foreman  in  charge  of  a  machine  tool  shop 
said;  “Why  bother  about  production  planning  and  control?  Most  of  it  consists 
of  too  much  paper  work,  which  has  little  bearing  on  reality.  In  our  firm  each 
foreman  responsible  for  a  section  gets  his  instructions  once  a  month  together 
with  drawings  of  the  parts  to  be  machined.  It  is  then  the  foreman’s  responsibility 


10 


Production  Planning  and  Control 


to  do  all  the  routing,  estimating,  and  machine  loading  within  his  section.  When 
each  is  finished,  the  production  department  is  notified.  If  the  parts  have  to 
undergo  additional  operations  in  another  section  during  the  same  month,  an 
order  is  issued  to  transfer  the  parts  to  that  section.  If  not,  the  parts  wait  until 
the  next  date  for  monthly  allocation  of  tasks.  The  system  is  smooth  and  efdcient 
— and  it  works”. 

Suppose  you  were  assigned  the  task  of  analyzing  the  present  system  in  order 
to  determine  its  effectiveness.  How  would  you  set  about  doing  it? 

5.  A  transport  department  of  a  firm  is  located  at  its  headquarters,  which  is  situated 
three  miles  from*  the  main  production  plant  and  about  ten  miles  from  the  main 
stores,  ah  three  places  lying  approximately  on  a  straight  line.  The  transport 
department  has  to  move  personnel  between  all  three  centers,  supply  the  plant 
with  materials  from  the  store,  and  remove  finished  products  from  the  plant  to 
the  store;  it  also  moves  finished  goods  to  the  railroad  station,  which  is  situated 
about  twenty  mil^  either  from  the  plant  or  from  the  store.  These  commitments 
may  be  elg^ified  m  follows; 

(a)  Ten  tracks  are  required  on  Mondays  and  Thursdays  to  transport  goods 
to  the  railroad  station.  The  tracks  finish  unloading  by  lunch  time. 

(b)  Two  truck  loads  are  sent  every  day  to  move  finished  goods  from  the 
plant  to  the  store. 

(c)  Six  track  loads  are  sent  every  second  day  to  move  materials  from  the 
store  to  the  plant. 

(d)  Personnel  transport  is  carried  out  in  passenger  automobiles;  orders  axe 
sent  at  random  to  the  transport  department,  where  all  these  automo- 

biles  are  centralized. 

The  problems  that  have  to  be  analyzed  are: 

(i)  Should  the  transport  department  be  centralized,  with  all  the  vehicle 
fi.eet  and  its  maintenance  garage  situated  at  headquarters? 

(ii)  Whskt  is  the  best  way  to  schedule  removal  of  materials  and  finished 
goods? 

(iii)  Supposing  that  commitment  (a)  cannot  be  changed  but  commitments 
(b)  and  (c)  can  be  conveniently  distributed  during  the  week  (assuming 
a  five-day  week),  how  many  tracks  are  required,  if  experience  has  shown 
that  one  truck  is  often  marked  down  for  repairs  or  maintenance? 

(iv)  Should  trailers  he  purchased  to  relieve  the  load  on  the  tracks? 

(v)  What  procedures  should  be  adopted  to  eater  for  pa^engers  transporta¬ 
tion  under  commitment  (d)? 

How  would  you  set  about  tackling  these  problems,  what  additional  infor¬ 
mation  do  you  require,  how  would  you  collect  it,  and  what  would  you  do  with 
it  when  it  is  eventually  available? 

6.  What  functions  of  production  planning  and  control  can  be  exercised  in  con¬ 
structing  and  controlling  a  timetable  for  a  bus  service  along  a  specified  route 
in  a  city? 
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Organization  of  manufacture  and  systems  for  its  planning  and  control  greatly 
depend  on  the  type  of  plant  in  which  they  haTe  to  operate.  The  fundamental 
principles  that  guide  the  formulation  of  planning  policy  and  its  execution  may 
be  the  same  for  ail  manufacturing  concerns.  But  the  emphasis  on  particular 
aspects  of  production  management  is  a  function  of  the  specific  requirements  of 
the  plantj  and  this  emphasis  is  reflected  in  management  approach  to  problems  of 
inventory  of  raw  materials  and  finished  products,  of  machine  selection  and 
replacement,  of  machine  setting  and  tooling,  of  scheduling  methods,  and  of 
systems  of  follow-up  and  general  control. 

Three  main  factors  may  be  said  to  determine  the  place  of  production  planning 
and  control  in  an  organization: 

1.  The  type  of  production;  i.e.,  the  quantities  of  finished  products  and  the 
regularity  of  manufacture 

2.  Size  of  the  plant 

3.  The  type  of  industry;  i.e.,  the  field  of  specialization  of  the  plant 

Types  of  Production 

There  are  eight  tyqpes  of  production,  which  may  be  grouped  under  three 
headings,  according  to  the  quantities  involved: 

Job  production 

This  is  the  manufacture  of  products  to  meet  specific  customer  requirements 
of  special  orders.  The  quantity  involved  is  small,  usually  ‘‘one  off”  or  “several 
off/^  and  is  normally  concerned  with  special  projects,  models,  protot3q>es,  special 
machinery  or  equipment  to  perform  specialized  and  specific  tasks,  components 
or  assemblies  to  provide  replacement  for  parts  in  existing  machinery,  etc.  Large 
turbo-generators,  large  engines,  boilem,  processing  equipment,  special  electronic 
equipment,  materials  handling  machines,  shipbuilding,  and  many  other  manu¬ 
facturing  activities  are  of  the  job  production  group. 

Three  types  of  Job  production  can  be  defined,  according  to  the  regularity  of 
manufacture: 

1.  A  small  number  of  pieces  produced  only  once 
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2.  A  small  rnimber  of  pieces  produced  intermittently  when  the  need  arises 

3.  A  small  number  of  pieces  produced  periodically  at  known  time  intervals 

When  the  order  is  to  be  executed  only  once,  there  is  little  scope  for  improve¬ 
ment  of  production  techniques  by  introducing  intricate  method  studies,  special 
tools,  or  jigs  and  fixtures,  unless  the  technical  requirements  justify  it.  But,  if 
the  order  is  to  be  repeated,  tooling  and  jigging  as  well  as  specially  designed 
inspection  gages  should  be  carefully  considered  because  the  effect  on  production 
time  may  be  appreciable. 

Repeated  orders  for  tbe  same  items  nsBaiiy  do  not  require  repeated  planning, 
a  fact  that  is  reflected  in  the  production  costs  of  the  product.  Production  control 
is  also  simplified  in  the  case  of  repeated  orders:  The  dispatchers  and  expeditors 
are  familiar  with  the  design,  and  from  their  past  experience  they  can  watch  out 
for  any  expected  difficulties  in  the  course  of  production.  The  planning  and  control 
of  schedules  also  becomes  a  simpler  task  when  orders  are  repeated,  especially 
at  regular  internals,  and  a  master  schedule  can  be  constructed  in  which  produc¬ 
tion  time  is  balanced  against  plant  capacity.  But  such  a  state  of  affairs  is  rather 
rare.  Usually  the  majority  of  job  production  orders  are  executed  only  once, 
and  only  a  small  percentage  of  them  are  repeated  regularly  or  intermittently. 

Sch^uling  is  dependent  on  assessment  of  production  times,  and  estimating 
(although  it  can  be  greatly  improved  by  e,xperience  and  skill  of  estimators)  is 
based  on  judgment  and  is  too  often  reduced  to  a  rule-of-thumb  affair.  Scheduling 
must  therefore  be  constantly  amended  to  take  account  of  reality,  and  this  factor 
has  a  serious  hearing  on  assessments  of  delivery  dates.  The  output  of  the  shop  is 
mainlv  governed  by  plant  capacity,  and  as  soon  as  the  load  presented  by  in¬ 
coming  customers^  orders  exceeds  this  output,  a  queue  of  orders  is  formed. 
When  immediate  increase  of  plant  capacity  is  impracticable,  the  length  of  the 
queue  is  a  major  factor  governing  the  sales  policy  of  such  a  plant,  and  a  certain 
amount  of  discrimination  in  order  selection  may  be  essential. 

Batch  production 

Batch  production  is  the  manufacture  of  a  number  of  identical  articles,  either 
to  meet  a  specific  order  or  to  satisfy  continuous  demand.  When  production  of  the 
batch  is  terminated,  the  plant  and  equipment  are  available  for  the  production 
of  similar  or  other  products.  As  in  job  production,  policies  regarding  tooling, 
fixtures,  and  other  aids  are  dependent  on  the  quantities  involved.  If  the  order  is 
to  be  executed  only  once,  there  will  be  less  justification  for  providing  elaborate 
production  aids  than  when  the  order  is  to  he  repeated. 

In  batch  production,  too,  three  types  can  be  mentioned: 

1.  A  batch  produced  only  once 

2.  A  hatch  produced  repeatedly  at  irregular  intervals,  when  the  need  arises 

3.  A  batch  produced  periodically  at  known  intervals,  to  satisfy  continuous 
demand 
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Here,  again,  planning  and  control  become  more  simpHfied  as  quantities 
mcrease  and  as  manufacture  becomes  more  regular.  Two  principal  problems 
arise  m  batch  production:  the  size  of  the  batch  and  the  scheduling  of  production. 

The  solution  to  these  problems  depends  on  whether  production  is  governed  by 
eirternal  orders  only  or  whether  the  plant  is  producing  for  internal  consumption. 
In  the  case  of  external  orders,  the  batch  size  is  normally  determined  by  the 
customer  to  suit  his  specific  circumstances.  The  plant,  in  this  case  a  vendor,  is 
mainly  concerned  with  the  effects  of  these  orders  on  its  production  schedules 
and  with  the  issues  arising  out  of  having  to  meet  set  delivery  dates.  When  the 
plant  produces  to  stock,  both  the  batch  size  and  scheduling  problems  are  matters 
for  mtemal  management  decisions.  The  problem  of  optimal  batch  sizes  has  to 
take  mto  account  the  setup  costs,  which  are  involved  before  each  production 
and  the  carrying  costs  incurred  when  the  finished  product  is  held  in  stock. 
The  batch  size  determines  the  length  of  the  production  run  and  affects  both  the 
production  schedule  and  batch  size  considerations  of  other  products.  These 
problems  are  further  discussed  in  Chapters  10,  11,  and  14. 

Batch  production  is  a  veiy  common  feature  in  industry.  Machine  tool  work, 
especially  capstan  and  turret  lathes,  press  work,  forging  and  casting  processes, 

some  glass  manufacturing,  and  chemical  processes  very  often  operate  on  a  batch 

basis. 

Continuous  production 

Continuous  production  is  the  specialized  manufacture  of  identical  articles  on 
which  the  equipment  is  fully  engaged.  Continuous  production  is  normally 
associated  with  large  quantities  and^th  a  high  rate  of  demand.  While  in  the 
job  and  batch  classes  the  rate  of  production  normaUy  exceeds  the  rate  of  demand, 
contmuous  production  is  justified  only  when  its  rate  can  be  sustained  by  the 
market.  Here,  full  advantage  should  be  taken  of  repetitive  operations  in  the 
design  of  production  auxiliary  aids,  such  as  special  tools,  fixtures,  positioners, 
feeders  and  materials  handling  systems,  inspection  device,  and  weighing  and 
packing  equipment. 

Two  types  of  continuous  production  can  be  defined: 

1.  Mass  production 

2.  Mow  production 

^e  difference  between  the  two  types  is  mainly  in  the  kind  of  product  and 
its  relation  to  the  plant.  In  mass  production,  a  large  number  of  identical  articles 
is  produced,  but  in  spite  of  advanced  mechanization  and  tooling,  the  equipment 
need  not  be  speciaUy  designed  for  this  type  of  article  alone.  Both  plant  and 
eqmpment  are  flexible  enough  to  deal  with  other  products  involving  the  same 
production  processes.  If  management  decides  that  a  certain  line  should  be  dis¬ 
continued,  the  machiner:^n  be  switched  over  to  produce  another  article,  and 
such  a  change  in  policy  wifi  usually  not  involve  major  modifications  in  plant  lay¬ 
out,  although  changes  in  tooling  may  be  quite  substantial.  A  shop  of  automatics 
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is  an  example  associated  with  mass  production.  Although  the  automatics 
may  be  continuously  engaged  on  the  production  of,  say,  a  certein  type  of 
pinions,  they  can  be  switched  over  to  production  of  screws  or  similar  machine 
elements  when  the  need  arises.  Another  example  is  a  highly  mechanized  press 
shop  that  can  be  utilized  for  the  production  of  different  components  or  products 
made  of  sheet  metal,  without  having  to  introduce  major  changes  in  the  shop 
layout. 

In  flow  production,  the  plant,  its  equipment,  and  layout  have  been  prunanly 
designed  to  manufacture  the  product  in  question.  Flexibility  in  the  selection  of 
products  for  manufacture  is  confined  to  minor  modifications  in  layout  or 
designs  of  models.  Notable  examples  are  automobiles,  engines,  household 
machinery,  chemical  plante,  etc.  A  decision  to  switch  over  to  a  different  kind  of 
product  may  not  only  result  in  extensive  tooting  (this  is  often  needed  even  when 
only  the  model  is  changed)  but  also  in  basic  changes  in  layout  and  equipment 
policy,  especially  when  special-purpose  machines  and  complex  materials  hand- 
ling  systems  are  involve. 

Production  planning  and  control  in  continuous  production  is  usually  far 

simpler  t.lvR-n  in  job  or  batch  production.  Extensive  effort  is  required  for  detailed 
pTn-nni-ng  before  production  starts,  but  both  scheduling  and  control  need  not 
usually  be  very  elaborate.  The  output  is  either  limited  by  avaUable  capacity  or 
regulated  within  given  limits  to  conform  to  production  targets  based  on  periodic 

sales  forecasts. 

There  are  many  cases  where  plants  are  not  confined  to  one  particular  type  ot 

production.  Even  very  large  plants  engaged  in  manufacturing  end  products  of 
the  flow  type  resort  very  often  to  batch  production  of  most  of  the  components 
required  for  the  assembly  line.  This  situation  arises  from  uneven  production 
rates  of  different  components,  which  cannot  always  be  adjusted  by  engagmg 
more  machines  or  manpower  on  the  “slow”  items.  Also,  the  rate  of  production 
of  some  “quick”  items  may  exceed  by  far  the  rate  of  demand  on  the  assembly 
line,  so  that  different  parts  may  have  to  be  produced  in  succession  on  the  same 
machines,  leading  to  a  clear  case  of  batch  production  and  inventory  problems. 
Production  planning  and  control  in  such  plants  may  become  rather  involved 
because  of  the  different  types  of  production  which  are  simultaneously  employed 
in  Tarious  departments. 


Shse  of  Plants 

The  size  of  plant  has  a  relation  both  to  the  organization  of  the  Production 
Planning  and  Control  Department  and  to  its  procedure.  The  larger  the  plant, 
the  more  complicated  its  activities  and  the  larger  the  number  of  employees; 
consequently  the  more  complex  becomes  the  organization  of  the  department  and 
the  more  necessary  it  is  to  draw  demarcation  lines  to  divide  and  define  activities 
and  responsibilities.  In  small  plants  less  formality  fo  required;  i.e.,  more  verbal, 
instructions  and  exchange  of  information  facilitate  and  lessens  paper  work. 
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By  what  factor  is  the  size  of  plant  measured?  Is  it  the  number  of  employees, 
the  capital  investment,  the  annual  turnover?  All  three  criteria  are  sometime 
used,  but  for  our  purpose  the  first  one  is  useful  in  iUustratmg  the  large  number 
of  small  plants  that  exist  both  in  America  and  in  Britain.  Analysis  of  industries 
in  the  two  countries,  showing  the  size  of  distribution  of  plants  according  to  the 
percentage  of  employees,  is  given  in  Tables  2-1  and  2-2,  from  which  it  appears 
that  the  number  of  plants  employing  less  than  500  is  over  98  per  cent  in  both 
countries.^  (See  also  Fig.  2-1.)  The  predominance  of  small  and  medium  size 
plants  should  therefore  be  borne  in  mind  when  studying  the  applications  of 
production  management  principles  in  industry,  particularly  so  when  one  is 
aware  of  the  fact  that  many  so-called  large  plants  are  actually  a  horizontal 
integration  of  several  small  plants,  the  general  activities  of  which  are  being 
outlined  at  the  head  office. 


Figure  2-1.  Bisiribution  of  employees  in  Britain  and  the 
United  States. 


Numerous  problems  are  coimeeted  with  production  planning  and  control  of 
large  enterprises.  They  vary  in  character  and  complexity  with  the  size  and 
organization  of  the  plant,  but  most  of  them  are  related  to  the  question:  Should 
planning  and  control  be  centralized  or  decentralized?  There  are  naturally  many 

^  The  percentage  in  the  TJ.K.  is  95,  but  only  figures  for  plants  with  over  11  employees 

are  available.  ^ 
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Fabricated  metal  products; 

Number  of  establishments  22,010  15,108  6,332  1,219  400  242  96 

Per  cent  of  establishments  07.4  23.7  6.42  2.04  1.07  0.42 

All  employees  1,019,406  98,449  233,680  190,293  169,088  166,832  170,963 

Per  cent  of  employees  9,66  23.0  18.7  16.6  16.4  16.8 
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advantages  tc  centralisation  oC.nethodn  ,.la-.iung.  ntandardisatna,,  an, I  . . I, 

fication  of  products  and  materials  and,  in  particulM,r,  am  elmm;,  >.( 

raw  materials  and  standard  aonMS.rumtH.  (I(uitrali/,e.l  a<d,iv,t,e.-.n(  tins  K,,..l  enra.r,- 
the  best  use  of  facilities  and  [.ast  (,M«'n(uic(,  in  an  enterprme,  .'turn-  acta  .(na  of 
various  manufacturing  s(,cti(ms  or  subwattiouH  nr  ttubpliudn  are  ,iu  mt*'»  related 
(such  as  problems  of  transi)ortation,  malarialit  handling,  layout,  ,.nt|mt.  mpnp 
ment  and  labor  policies,  inv(,stm(Hd,,  <,t,g  that  ee.d,ra,li/,ed  plannin,'  m  al.o,.lu(,ely 
vital,  while  in  many  other  fields  the  least  that  in  re<inired  in  .dlieienf.  em.rdnml  n.H 
of  policies  and  operations.  On  the  otimr  hami,  leo  e<intraJi/,e,l  planning  and  •■on 
trol  is  often  cumbersome,  detached  frotn  reality,  a,nd  alow  <,o  rea,e(..  It  in  <d,v.n.m 
that  operation  between  these  two  extnunes  should  be  iieleei.ed  to  ennni  e  eflieijod. 
functioning  of  the  enterpriHc^  and  itn  f)lantH. 


Types  of  Imluiiiiry 

Another  factor  that  has  a  Inuiring  on  ih(^  organimlJon  of  j»rudii<d,ion  plnnnin|/ 
and  control  is  the  type  of  industry,  tla^  field  in  whicdi  tlu^  plnul  iipoenili'/.ou. 
Industries  can  be  claHsific^d  into  tyfx^s  by  seveind  rnotln^dii:  by  a vitda fnlrty  of 
different  kinds  of  labor  in  diflerent  g(H)gr‘a[)hi<iuJ  loea(<ion(s,  l>y  Ibf”  flomaitd  (or 
different  grades  of  skills,  an(]  by  findors  rebdirjg  to  inv(‘ntrnrnt  fsdn'y*  but. 
normally  aspects  that  charaet(*iriz(^  tln^  [)rodu(^tion  itself  u,re  er^rmiderMsl  n  c'on 
venient  method  for  eJasHifieation.  In  [rarthaila-r,  aMp<^<d.s  r(dal.irt|-^  t-o  fjoor  s(4t,|o*o 
in  production  can  be  considerc^d;  ruinH^ly,  rruitor’ials,  pna^ofUiofr,  or  end  prudtir^ts. 
Division  by  matr^^rials  (e.g.,  iron,  eopfxa*,  aluminium,  nrbbor,  bydro<strf)onfi) 
is  not  always  practical  beesausr^  imlustr’icH  tuxi  difrerent  rnaU'rialfi  in  tbr  <’onriio  <>| 
manufacture  and  only  ran^Jy  can  typi(«d  groups  in  tin’s  rrjanrmr  bi*  obtn.inrd. 
Classification  by  end  products  is  logi(?al,  sirux^  it  imnuxlia-l-c^ly  t(dls  ns  fsnnctbing 
about  the  materials,  methods,  and  praduifm  skill  that  is  involved,  a, ml  each  of  the 
classes  obtained  in  this  manne^r  has  a  common  denornirud/or*  corrjprimng  |)r<*blcnm 
typical  to  all  its  members*  This  clasHifieation,  howrwra*,  in  (^onifilicatcri,, 

first  because  of  the  astronomical  nurnlx^r  of  diflbrrad-  f^rodinits  that  c.oubl  bo 
named  and  secondly  because  many  plants  manufaeXure  more  Djan  one  prorhnd., 
A  simpler  method  is  division  by  major  [)rodn(5tion  proriesHr^H  aneh  lui  rneta,! 
fabrication  (or  engineering  industries)  and  eh(ani(?al  f>ro(aMU}c%u,  Hueb  grotqn’ng 
covers  a  wide  range  of  end  producsts,  but  probhuns  in  rnanufa<',taire,  a,nd  <u'|/irniv*a 
tion  are  similar  for  plants  of  the  sarnci  hvao  in  tlu^  group  (engaged  on  lJ>e  itaarn*  type 
of  production.  Even  with  such  a  broad  clasHifie,aiion  it  is  not  aJwayu  poHfu'ble  to 
make  a  clear-cut  division,  and  the  plant  is  often  lalx^lcxl  ax?eording  to  the  nuun 
activity  it  is  engaged  on,  though  it  may  employ  additional  f>rorx»HneH  and  raw 
materials  that  are  by  no  means  oharactevristu!  of  tlu^  ''type  of  ihiduntry''  it,  in 
supposed  to  be  part  of.  With  such  grouping  in  mind,  the  IJ.H.  Oe^iiHrm  of  Mariu- 
faetures  mentions  21  industries  and  the  British  (Jensus  of  Ih*odue,tion  na4rH*a  1 1 . 
The  industries  classified  in  this  way  are  shown  in  Tabk^s  2  I  aiul  2  2* 

Is  there  any  correlation  between  typos  of  industry  and  iyp<^s  of  prodiud.ion'f 
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contj^^r^  ■''•ords,  is  it  possible  to  generalize  as  far  as  production  planning  and 
methods  are  concerned  and  thus  produce  “cookbook 
recipes  outhnmg  precise  techniques  for  various  industries? 

InstirrofXTs^^w  by  a  joint  committee  of  the 

imtrtute  of  Cost  and  Works  Accountants  and  the  Institution  of  Production 

levet^«f  ft  ‘^l^ssified  mto  types  of  production.  One  serious  criticism  may  be 
leveled  at  the  manner  in  which  the  sample  was  selected,  namely,  at  the  comnwa- 

hJd  of  smaU  plants  in  the  sample.  Only  73  plants  out  of  229 

had  less  than  500  employees  each,  i.e.,  about  one-third  of  the  entire  samnle 

WiirS  its^lST  of  smaU  plants  in  industry  is  far  larger  (see  Table  2-2)’. 


Table  2~3 

Relation  between  Type  of  Industry  and  Type  of  Production* 

(A  sample  from  British,  industry) 


T^^pe  of  Indmtrp 


No.  of 
Plants  in 
Sample 


No.  with  JLargest  Smalleftt 

under  500  No%f 

Employees  Employees  Employees 


Type  of  Production 
fob  Batch  Continuous 


t.  Bricks,  ceramics, 
glassware 

L  Qiemical  manu¬ 
facture 

L  Metal  manufacture 

.  Engineering 

.  Vehicles  and 
accessories 

.  Metal  goods,  not 
elsewhere 


7. 

S. 

9. 

10. 

11. 

12. 

13. 

14. 


Precision 
instruments 

Textili^ 

Leather,  leather 
goods 

Clothing 

Food,  drink,  and 
tobacco 

Manufacture  in 
wood  and  cork 

Paper  and  printing 

Pubber,  tojrs, 
plastie,  etc. 

Total 


121 

14 


18 


12 


37 


10 


15,380 

1,150 

7,770 

21,880 

17,120 

11.904 

3,000 

4,000 

570 

2,000 

1,800 

350 

1,000 

2,300 


170 

50 

376 

40 

345 

60 

180 

175 

220 

40 

150 

350 

300 


30 


72 


13 


7 

5 
19 

6 

3 

1 

5 


229 


80 


10 


73 


* - - - - - - -  140  55 

K-Iated  Works  Statistics.  The  Institution  of  Production  Engineers.  U.K..  1956: 

®^®®Pfmns  (leather,  clothing,  and  rubber)  it  would  seem  that  no 
d^try  IS  co^ed  to  one  type  of  production.  Continuous  production  appears 
to  be  mamly  characteristic  of  the  chemical,  metal  manufac  Je,  food,  X^!^  an| 

a  ‘hat 
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tob^t'CCO  indnstTiGS-  BE-tcli  prod-uctioii  rBCurs  in  all  ind-ustricsj  in(i66(i  it  accounts 
for  61  per  cent  of  the  sample,  and  one  might  e¥en  have  expected  a  larger  per¬ 
centage,  had  the  sample  been  a  more  t3rpical  cross-section  of  industry.  Some 
groups  produce  mainly  or  solely  in  hatches,  while  job  production  occurs  only  in 
four  industries.  As  batch  production  is  far  more  complex  as  regards  production 
planning  and  control  than  continuous  production,  and  particularly  in  view  of  its 
important  poation  in  industry,  its  problems  need  very  careful  study  in  order  to 
ensure  the  proper  application  of  production  management  principles  in  the 
planning  stage,  mainly  in  the  analysis  of  methods  and  scheduling. 

Summary 

Modes  of  manufacture,  which  may  affect  production  planning  and  control 
systems,  include  three  main  relevant  factors:  types  of  production,  size  of  plants, 
and  types  of  industries  {classified  by  major  processes  or  products).  There  are 
three  tvpe-groups  of  production:  Job,  hatch,  and  continuous.  Plant  size  has  a 
very  wide  distribution,  hut  the  majority  of  plants  are  of  small  or  medium  size. 
Generally  there  is  no  connection  between  types  of  prodnction  and  industries,  but 
there  are  a  few  exceptions.  Batch  production  seems  to  occur  in  all  industries, 
while  job  production  is  mainly  employed  by  engineering  plants.  Continuous 
production  prevails  in  many  industries  but  is  mainly  typical  to  those  involving 
chemical  processing. 
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Problems 

1.  Give  example  for  each  of  the  eight  types  of  production, 

2.  (a)  Do  production  planning  and  control  systems  for  large  plants  and  small 

plants  have  anything  in  common? 

(b)  Should  a  small  plant  adopt  a  successful  production  planning  and  control 
system  from  a  large  plant?  ^Vhy? 

3.  A^uming  equal  size  plants  employing  similar  processes  and  engaged  on  the  same 

type  of  production  can  use  precisely  the  same  production  planning  and  control 
system  with  all  its  detafis  and  trimmings,  if  you  were  asked  to  specify  systems 
for  afl  such  classes  of  plants  in  industry,  what  woiild  your  reaction  be? 

4.  Give  an  example  of  a  large  enterprise  that  eonsiste  of  many  small  or  medium 

size  pknis. 
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5.  Use  United  States  Census  of  Manufactures  or  Statistical  Abstracts  to  eonstnict 
Fig.  2-1  and  find  whether  any  considerable  changes  occurred  after  World 
War  n. 

6-  A  chain  of  supermarkets  in  a  city  is  fed  with  goods  from  a  central  storo  whore 
inspection  of  all  merchandise  received  from  suppliers  is  carried  out.  Inspec¬ 
tion  is  performed  in  two  stages:  (a)  acceptance  inspection,  to  ensure  that  goods 
received  are  as  per  order;  (b)  inspection  prior  to  issue  to  the  supermarkets.  This 
procedure  applies  to  all  types  of  goods  without  exception. 

For  issuing  and  storage  purposes  the  goods  are  classified  in  three  categories: 

(i)  Perishables,  such  as  vegetables  and  fruit,  which  are  brought  to  the 
central  store  every  morning  after  davm  and  supplied  to  the  super¬ 
markets  in  the  morning  before  opening  time 

(ii)  Semiperishables,  such  as  meat,  which  are  supplied  to  the  supermarkets 
eveiy  second  day 

(iii)  ^Tonperishables,  such  as  canned  food,  which  are  supplied  to  the  super¬ 
markets  once  a  week 

In  your  view,  should  these  three  categories  be  treated  according  to  the  same 
procedure?  mat  alternatives  can  you  suggest  and  how  would  yoti  decide 
which  to  adopt? 

In  w^hat  ways  would  the  system  of  ordering  goods  by  a  supermarket  manager 
differ  from  the  system  that  should  be  adopted  by  the  central  storo? 
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PRODUCTION  PROCEDURE 


The  type  of  production  and  industry,  and  naturally  the  sales  volume,  pre¬ 
scribe  the  general  framework  of  production  management  and  dictate  basic 
modes  of  internal  procedures.  In  flow  and  mass  production,  with  a  constant  load 
on  the  manufacturing  departments,  the  procedures  are  found  to  be  relatively 
simple.  A  suitable  system  of  communication  circuits  and  methods  of  control 
have  to  be  set  up  in  order  to  ensure  that  deviations  from  the  planned  schedule 
are  recorded,  as  they  occur,  and  that  corrective  actions  are  promptly  taken. 
Ideally^^  this  should  become  a  self-regulating  control  mechanism.  The  procedures, 
however,  become  more  complicated  with  an  increase  in  the  number  of  operations, 
number  of  parts  involved,  or  the  variety  of  products  in  the  firm.  These,  coupled 
with  fluctuations  in  demand  and  intermittent  manufacturing,  have  a  marked 
effect  on  the  plant  efficiency. 


The  Production  Cycle 


To  appreciate  the  role  of  production  planning  and  control  as  a  vital  tool  in  the 
complexities  of  production  management,  let  us  examine  the  framework  within 
winch  the  production  order  is  initiated.  The  production  procedure  is  described 
m  Fig.  3-1,  where  the  main  flow- channels .  of  instructions,  information,  and 
materials  are  shown.  The  cycle  starts  and  ends  with  the  customer: 


1.  The  sales  department  studies  the  reception  of  products  in  the  market  and 
consumer  reactions  to  new  modifications  and  designs.  Market  research  is  also 
earned  out  regarding  proposed  new  products. 

2.  The  coDeeted  data  are  analyzed  by  the  sales  department,  which  prepares  a 
sales  for^ast  with  a  breakdoi^m  of  products  and  models  as  a  function  of  time 
periods.  The  detailed  forecast  is  submitted  to  management. 

3.  A  production  budget  is  prepared  by  the  financial  department,  in  consul- 
_  ion  mth  the  manufacturing  department.  The  proposed  budget  and  the  sales 
fo^ste  are  closely  scrutinized  by  management,  and  a  decision  is  taken  re- 
yarding  the  annual  or  semiannual  quantity  to  be  produced. 

4.  The  engineering  department  is  instructed  to  prepare  drawings,  parts  lists. 
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and  specifications,  or  to  clieck  and  modify  existing  ones.  The  manufacturing 
budget  is  then  adjusted  accordingly. 

5.  The  ¥ice-president  or  the  head  of  the  department  responsible  for  manu¬ 
facturing  is  authorized  to  start  production,  and  instructions  are  issued  to  the 
production  planning  and  control  department,  specifying  quantities,  delivery 
schedule,  etc. 

fi.  The  technical  information  is  obtained  from  the  engineering  department 
(including  drawings,  parts  lists,  specifications,  standards,  etc.)  and  passed  on  to 
the  planning  section. 


Figure  3-1.  Production  consumption  cpele, 

7.  One  of  the  first  functions  of  the  production  planning  and  control  depart¬ 
ment  is  to  be  well  informed  about  availability  of  materials  and  expected  delivery 
dates  of  materials  already  ordered.  Production  planning  is  carried  out  and 
detailed  schedules  are  prepared. 


Production  Procedure 
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8.  The  inventory  levels  are  checked  to  determine  the  orders  for  procurement 
of  materials  and  standard  parts  that  have  to  be  issued.  Parts  and  assemblies 
that  are  subcontracted  are  also  ordered  by  the  purchasing  department. 

9.  The  purchased  materials  and  parts  are  inspected  prior  to  acceptance  and 
are  stored  until  instructions  are  obtained  to  release  them  to  the  shops. 

10.  The  production  planning  section  supplies  complete  data  on  methods, 
machine  loading,  and  utilization,  as  well  as  production  schedules,  to  the  control 
section  for  dispatching. 

11.  The  control  section  releases  orders  for  materials,  tools,  fixtures,  etc. 

12.  Orders  are  issued  to  the  shop. 

13.  Detailed  production  orders  are  dispatched  to  the  shop  by  the  production 
control  section,  specifying  what,  how,  when,  and  where  operations  should  be 
performed.  The  control  functions  are  carried  out  throughout  the  manufacturing 
period,  and  progress  is  constantly  compared  with  the  planned  schedules  so  that 
suitable  modifications  may  be  considered  and  incorporated  when  required.  This 
necessitates  a  close  and  permanent  contact  betw^een  the  control  section  and  the 
manufacturing  departments,  to  facilitate  a  constant  flow  of  information  and 
instructions. 

14.  Inspection  orders  are  released.  The  purpose  of  quality  control  during  the 
production  processes  is  to  ensure  that  the  specifications  as  laid  down  are  con¬ 
formed  with.  Final  inspection  of  the  parts  is  carried  out  before  the  product  leaves 
the  shop  and  moves  to  the  finished  parts  or  products  store. 

15.  Evaluation  of  the  production  operations  is  the  main  pillar  of  the  control 
function  and  has  to  be  carried  out  both  during  and  after  these  operations.  In¬ 
spection  reports  are  one  facet  of  evaluation,  and  they  form  the  basis  for  correc¬ 
tive  actions  in  the  processes  or  methods,  and  sometimes  even  for  modifications 
in  the  specifications  of  raw  materials. 

16.  The  production  planning  and  control  department  reports  on  the  progress 
of  the  work  to  the  vice-president  responsible  for  manufacturing.  These  reports 
are  also  studied  by  the  financial  control  department.  The  control  section  also 
evaluates  data  obtained  from  the  shops  about  operation  times,  idle  time  of  men 
and  machines,  causes  and  effects  of  breakdowns,  trends  in  the  fluctuations  of 
output,  etc.  Action  initiated  by  the  control  section  as  a  result  of  such  reports  has 
to  be  followed  up,  and  its  evaluation  should  also  be  reported  to  the  vice- 
president. 

17.  Management  receives  interim  and  final  reports  from  the  vice-president 
manufacturing. 

18.  Management  also  receives  a  report  from  the  financial  department,  after 
which  a  final  evaluation  can  be  made. 

19.  The  finished  product  is  transferred  (after  inspection)  to  stock. 

lO.  Finally  the  product  is  sold  to  the  customer,  who,  after  comparing  the 
product  characteristics  with  those  of  its  competitors  and  with  his  expectations, 
is  ready  to  contribute  his  views  and  reactions  to  market  researchers. 
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It  is  evident  from  this  outline  that  the  production  procedure  involves  the 
cooperative  and  coordinated  effort  of  all  the  departments  of  the  enterprise.  Even 
when  the  functions  of  each  department  are  clearly  specified  and  well  understood, 
the  departments  cannot  operate  independently  as  disjointed  limbs.  They  have 
to  perform  as  parts  of  an  integrated  body,  and  the  purpose  of  the  procedure 
described  above  is  to  specify  where  and  in  what  form  their  efforts  are  required, 
and  what  Irinrl  of  flow  information  should  be  constantly  maintained. 

Coordination  of  Production  Decisions 

Numerous  decisions  have  to  be  taken  at  the  various  stages  of  planning  and 
control,  and  the  task  of  decision  making  becomes  rather  complicated  when  the 
issues  and  variables  involved  are  interconnected  and  interdependent.  Every 
decision  imposes  restrictions  on  the  other  problems  that  have  to  be  settled.  Also, 
what  may  seem  good  for  one  purpose  may  be  imdesirable  from  other  points  of 
yiew,  and  each  issue  has  to  be  constantly  analyzed,  keeping  the  over-all  target 
in  mind. 

Some  of  the  problems  and  decisions  that  are  involved  are  summarized  in 
Table  3-1.  On  each  subject,  management  is  presented  with  certain  facts,  and 
within  this  given  framework  the  task  is  to  adopt  a  course  of  action  that  will 
optimize  the  final  result.  To  achieve  even  better  results,  the  decision  in  some 
cases  may  include  taking  steps  to  modify  this  jframework,  even  when  great 
expenditure  is  involved.  The  subjects  under  consideration  can  be  classified  under 
three  headings:  the  objective  (i.e.,  the  product  that  is  to  be  manufactured),  the 
subohjectives  (components  and  assemblies  from  which  the  product  is  made),  and 
the  means  (i.e.,  the  required  facilities  to  manufacture  and  subsequently  assemble 
these  components): 

The  product 

From  the  preceding  production  procedure  outline,  and  fipom  Chapter  5  dealing 
with  product  development  and  design,  it  is  clear  that  information  about  desirable 
product  characteristics  is  a  prerequisite  to  any  production  planning,  although 
at  various  stages  the  production  departments  have  to  be  consulted  well  before 
the  ripsigp  is  finalized.  Each  of  the  items  listed  as  “facts”  is  clceely  connected 
with  production  issues  (such  as  selection  of  processes  and  materials,  standardiza¬ 
tion  considerations,  equipment  loading,  and  availahle  capacity),  and  these  may 
in  turn  affect  certain  facets  of  the  design  characteristics.  The  main  departments 
which  contribute  to  the  basic  data  under  the  column  “facts”  are  those  of  sales, 
research  and  development,  engineering,  and  finance.  The  production  plannmg 
function  includes  the  problems  listed  in  the  column  “planning,”  and  the  type  of 
the  decisions  that  have  to  be  taken  in  conjunction  with  planning  are  self- 
evident  from  the  headings  in  the  list  and  are  very  briefly  described  below: 

1.  The  annual  or  semiannual  volume  has  to  be  divided  into  a  number  of 
batches,  if  the  production  is  not  of  the  continuous  type.  Even  in  continuous 
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production  it  is  often  found  that  components  or  assemblies  have  to  be  batch- 
produced.  To  be  decided:  what  size  batches  and  in  what  manner  should  they  be 
spaced  ?  (Responsibility  of  the  control  function  in  this  respect  would  be  to  check 
the  validity  of  the  assumptions  and  data  in  the  light  of  a  postoperational  cost 
analysis  and  to  establish  the  cause  or  justification,  or  both,  for  discrepancies 
between  these  assumptions  and  the  actual  data.) 

2.  What  does  quality  imply  in  terms  of  minimum  requirements,  as  far  as 
materials,  processes,  or  workmanship  are  concerned?  (Control  function:  Evaluate 
the  design  specifications  after  comparison  of  the  quality  obtained  with  the 
desirable  quality.) 

3.  What  possible  materials,  methods  of  manufacturing  and  processes  should 
be  considered? 

4.  How  should  the  product  be  divided  into  assemblies?  What  is  the  best 
sequence  of  operations,  and  what  production  departments  are  involved? 

5.  How  should  the  individual  operations  be  integrated  as  a  function  of  time, 
and  what  buffer  stocks  should  be  specified  to  ensure  continuous  flow  in  the  shops? 
(Control  function:  How  much  work  in  process  and  why?) 

6.  Setting  the  schedules,  both  the  over-all  (master)  and  detailed.  (Control 
function;  Why  are  there  queues  and  bottlenecks,  and  what  is  their  effect 
quantitatively?  What  breakdowns  and  stoppages  contribute  to  deviations  from 
the  schedules?  Can  they  be  avoided?  If  so,  how?) 

7.  How  should  the  product  be  inspected?  What  criteria  determine  whether  it 
conforms  to  the  specifications  in  its  physical  or  chemical  properties  and  its 
functional  characteristics?  Very  often,  in  order  to  ensure  objectivity  and 
fairness,  the  actual  decision  about  inspection  methods  is  not  taken  by  the 
production  planning  and  control  department  but  by  the  engineering  or  research 
and  development  departments.  The  manufacturing  departments  are  consulted 
and  kept  informed  about  any  procedure  that  is  finally  adopted.  (The  control 
function:  Evaluation  of  inspection  results  to  ensure  that  immediate  corrective 
actions  are  taken  and  scrap  is  kept  to  a  minimum.  Also:  What  other  causes 
contribute  to  scrap?  How  does  it  affect  the  scheduled  quantities,  and  should 
replacement  be  ordered?  How  best  could  the  scrap  be  utilized?  What  possibilities 
exist  to  develop  by-products?) 

Ihe  Components  and  Assemblies  (or  semifinished  products) 

Generally,  in  manufacturing,  several  semifinished  products  are  involved  in  the 
final  assembly  or  shaping  of  the  product.  In  the  metal,  electrical,  wood,  plastic, 
and  allied  industries,  these  semifinished  products  are  parts  or  subassemblies;  in 
the  chemical  or  food  industries  they  are  the  various  chemical  compounds'  or 
ingr^hents  that  have  to  be  used  for  the  final  reaction  or  mixi-ng  process.  The 
given  data  about  these  semifinished  products  would  include  design  details  (or 
description  of  properties),  functional  requirements,  and  interchangeability 
specifications  to  allow  the  use  of  the  same  components  in  different  models  (or 
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the  two.  (Expediting  subcontractors  and  a  continuous  analysis  of  cost  and  quality 
are  within  the  responsibility  of  the  control  function.) 

4  Questions  of  sequence  of  operations  in  relation  to  plant  layout  have  to  be 
settled,  after  which  process  charts,  routing,  and  operations  sheets  can  be 
■prepared.  When  changes  in  the  sequence  are  possible,  effect  of  machine  loading 
and  scheduling  has  to  be  taken  into  account,  and  this  interdependence  of 
sequence  and  machine  loading  has  to  be  resolved. 

5  Schedulinv  operations  and  delivery  dates,  planning  buffer  stocks  and 
storage  space,  and  specifying  a  communication  system  require  perhaps  the  most 
crucial  decisions  at  the  planning  stage.  (The  control  functions:  studies  of  work 
in  process,  queues,  bottlenecks,  breakdowns,  and  other  characteristics  of  the 
schedule,  as  already  outlined  in  connection  with  the  final  product.) 

6.  Decisions  about  inspection  of  components  resemble  those  that  are  taken 
with  regard  to  the  final  product.  Again,  in  most  cases,  the  inspection  procedure 
and  methods  are  not  laid  down  by  the  production  plannii^  and  control  depart¬ 
ment.  (Control  functions:  Can  the  specifications,  such  as  dimensional  tolerances, 
strength,  and  composition,  be  met  economically  by  the  available  processes?) 

The  Means 

The  facilities  or  factors  that  combine  to  make  the  product  may  be  grouped 
under  seven  main  headings,  conveniently  labeled  the  7  M’s.  These,  it  should  be 
noted,  inalnde  the  4  M's  (namely:  materials,  methods,  machines  and  manpower) 
that  are  the  more  specific  resources  associated  ■with  the  production  planning 
and  control  department.  While  the  other  facilities  (management,  most  personnel 
problems,  money,  matrix)  are  not  ■within  the  framework  of  this  department’s 
responsibility,  they  naturally  affect  its  decisions,  which  must  always  be  taken 
with  the  general  background  in  mind. 

1.  The  giHii  and  potentialities  of  management  of  all  echelons  is  of  prime 
importance,  if  a  company  is  to  attain  its  goals  and  an  increasing  rate  of  effective¬ 
ness.  Planning  includes  the  design  of  procedures  and  systems  of  communications 
that  would  ensure  effective  control.  It  also  covers  the  field  of  management 

training,  botli  of  a  short-  and  long-term  nature. 

2.  The  structure,  working  conditions,  rnteirelations,  and  morale  of  the  labor 
force  are  all  factors  that  determine  the  potential  capacity  of  the  organization 
to  perform  its  task. 

(i)  The  planning  of  task  assignment  and  ntilization  of  manpower  is  among 
the  responsibilities  of  the  manufacturing  department  and  the  personnel 
manager,  as  well  as  problems  of  load  fluctuations  and  their  consequences,  as  far 
as  hiring  and  firing  of  men  is  concerned.  A  constant  rate  of  production  employing 
a  constant  labor  force  is  desirable  on  many  counts.  It  facilitates  better  utiliza¬ 
tion  of  men  and  macMnes,  it  saves  capital  expenditure  on  equipment,  it  allows 
the  operators  to  become  more  skill:ed  in  their  Jobs,  and  no  time  or  money  is 
repeatedly  lost  in  training  for  the  Job  until  proficiency  is  gained.  Furthermore 
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the  feeling  of  security  of  the  men  can  greatly  contribute  to  their  ejffectiveness. 
These  considerations  are  particularly  acute  in  an  industry  with  a  marked 
seasonal  demand.  In  terms  of  full  employment  it  was  found  that  seasonal  firing 
and  hiring  may  lead  to  situations  where  the  required  skills  are  not  available  on 
the  labor  market,  and  some  form  of  production  smoothing  is  necessary  if  the 
demand  at  the  height  of  the  season  is  to  be  met.  (Control  functions:  Are  men 
employed  on  tasks  for  which  their  skill  is  suitable?  Is  supervision  effective,  and 
how  can  it  be  improved?  How  is  effectiveness  associated  with  the  length  of  the 
production  run,  or  what  are  the  mechanics  of  the  learning  curve?) 

(ii)  The  planning  of  working  methods  that  will  ensure  better  utilization  of 
facilities,  as  well  as  make  work  more  convenient  and  less  strenuous,  is  a  produc¬ 
tion  planning  and  control  department  responsibility.  (Control  functions:  time 
and  motion  study.) 

(iii)  The  planning  of  working  conditions,  incentives,  and  training  is  a  general 
planmng  function  not  usually  connected  with  any  particular  production  run. 
(Centrol  functions:  study  of  output  per  operator,  study  of  absenteeism,  evalua¬ 
tion  of  the  effect  of  training  on  output  and  on  adaptability  of  personnel  to 
changes  in  tasks  and  methods.) 

3.  Finance  planning  functions  (which  are  the  responsibility  of  management 
and  the  financial  department)  cover  the  utilization  of  the  firm’s  financial  re¬ 
sources  and  include: 

(i)  How  best  should  the  financial  resources  be  allocated  in  terms  of  the 
company  s  activities?  How  much  should  be  invested  in  design  and  development, 
manufacture,  sales,  and  promotion  of  each  product  or  line?  What  policy  should 
be  adopted  regarding  expansion,  buildings,  machine  replacement,  basic  research, 
and  training?  (Cbntrol  function:  How  do  the  prospects  of  return  on  the  capital 
invested  compare  with  investment  prospects  elsew'-here?) 

(ii)  Once  the  policy  of  allocation  is  determined,  what  are  the  best  tech¬ 
niques  and  methods  that  should  be  used  to  convert  financial  resources  to  other 
facOitiesI 

4.  The  matrix  comprises  the  buildings,  groxmds,  storage  and  manufacturing 
space,  transportation  systems,  and  the  layout  as  a  whole,  and  these  components 
naturally  have  their  limitations.  Too  often  it  is  realized  that  they  are  far  less 
flexible  than  one  could  wish  for.  Changes  and  modifications  are  usually  a  lengthy 
affair  and  must  be  planned  with  the  total  manufacturing  load  and  future  trends 
in  mind,  rather  than  for  any  specific  product.  Planning  of  relayout,  materials 
handling  systems,  expansion  schemes,  and  redesign  of  buildings  are  not  within 
the  scope  of  the  production  planning  and  control  department. 

Materials^  methods  and  machines 

As  already  indicated  in  Chapter  1,  the  effective  utilization  of  materials, 
methods,  and  machines  is  the  responsibility  of  the  production  planning  and 
control  department.  Problems  of  allocation,  balancing,  and  coordination  are  the 
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essence  of  production  planning,  and  naturally  provide  the  framework  within 
which  a  mtdtitnde  of  possible  alternatives  have  to  be  weighed.  These  are  con¬ 
sidered  as  items  5,  6,  and  7  in  the  following  paragraphs. 

5.  The  breakdown  of  the  production  target  volumes  by  products  provides  the 
basic  data  for  specifications  of  materials  as  to  quantity,  quality ,  chemical,  and  phy¬ 
sical  and  dimensional  properties.  It  is  a  function  of  the  purchasing  department 
to  provide  information  as  to  the  availability  and  delivery  dates  of  these  materials. 

(i)  Study  of  standardization  and  simplification  of  materials  (a  joint 
responsibility  of  the  production  planning  and  engineering  departments),  to 
reduce  the  variety  in  the  stores,  enables  the  purchasing  department  to  secure 
more  favorable  terms  when  larger  quantiti^  are  ordered  or  to  reduce  the  total 
safety  stock  that  has  to  be  carried,  or  to  effect  both  advantages. 

(ii)  If  ordering  lead  times  (periods  of  time  that  elapse  firom  the  dates  of 
orders  to  corresponding  dates  of  deliveries)  are  too  long,  or  when  they  are 
associated  with  uncertainties,  alternative  materials  have  to  be  studied. 

(iii)  A  prime  decision  to  be  made  in  materials  purchasing  is  the  determina¬ 
tion  of  quantities  to  be  bought  and  level  of  safety  stocks  to  be  maintained.  How 
should  the  materials  be  tested  before  acceptance?  How  and  when  should  materials 
be  issued  to  the  shops?  (Control  functions:  use  of  acceptance  testing  to  rate 
vendors  and  to  study  fluctuations  of  quality  charactei^ics;  study  of  deteriora¬ 
tion  and  obsolescence  of  materials  in  stock,  and  effectiveness  of  maintenance  of 
materials  and  components  while  they  are  kept  in  the  stores;  dispatching  and 
expediting  proc^ures;  quantity  control  of  stock  levels.) 

6.  Methods  planning  falls  into  three  main  categoric. 

(i)  Selection  of  production  process^  to  perform  the  operations  and  to 
determine  the  sequence  of  operations  takes  into  ac€»unt  the  techmcal,  econo¬ 
mical,  and  scheduling  precedes. 

(ii)  Process  conditions,  such  as  feeds,  spe«is,  lubricants,  temperature, 
pressure,  flow%  and  operator’s  motions,  must  be  contain^  in  specifications. 
(Control  function:  time  and  motion  study;  study  of  optimal  process  conditions.) 

(iii)  Materials  baudlli-ng  systems  must  be  design^!.  (Control  functions: 
Study  of  flow  and  bottlenecks  and  effect  of  handling  on  layout  and  work  in 
process.) 

7.  In  working  out  the  capacity  of  mmhines  and  equipment,  it  is  necessary  to 
allow  for  setting-up  times,  maintenance,  and  possible  breakdowns.  The  machine 
cards  include  detads  about  previous  commitments  so  that  the  available  machine 
capacity  can  be  calculated, 

(i)  Selection  of  the  machine  to  do  the  Job,  planning  how  to  use  the  machine, 
what  other  auxiliary  equipment  should  be  used  (such  as  tools,  jigs,  and  posi¬ 
tioners),  how  to  feed  and  how  to  eject  the  work  from  the  machine,  etc.,  has  to  he 
done  in  conjunction  with  methods  planning  and  motion  study.  Requisitions  for 
the  purchase  and  issue  of  tools  and  other  aids  must  also  be  planned.  ((Control 
function:  Expediting.) 
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(ii)  Scheduling  is  preceded  by  time  estimation  and  machine  loading. 
Scheduling  could  almost  be  described  as  the  point  of  culmination  of  the  plan- 
ning  functions,  the  stage  where  all  the  information  and  prior  planning  decisions 
have  to  match  each  other  and  build  into  one  mosaic,  in  which  allowances  have 
been  made  for  all  the  time  and  physical  restrictions  that  have  been  imposed  on 
the  system.  This  is  why  in  Fig.  1-1  the  first  feedback  is  shown  after  scheduling. 
If  the  building  stones  of  the  mosaic  do  not  match,  or  if  the  over-all  picture  does 
not  live  up  to  the  designer’s  expectations,  previous  decisions  have  to  be  recon¬ 
sidered,  modified,  or  completely  reshaped.  (Control  functions:  Study  of  delays, 
breakdowns,  machine  utilization,  machine  interference,  and  effects  of  deviations 
from  the  initial  assumptions  on  the  scheduling  model.) 

(iii)  Planning  machine  replacement  and  standardization  of  the  equipment 
is  mainly  concerned  with  the  more  distant  future,  although  replacement  or 
acquisition  of  additional  equipment  may  sometimes  be  associated  with  specific 
production  runs,  and  not  with  policy  equipment  as  a  whole. 

Departmental  Responsibilities 

Planning  and  control  of  operations  and  effective  utilization  of  facilities,  as 
summarized  in  Table  3-1 ,  play  an  important  role  at  all  stages  of  the  production- 
consumption  cycle  described  in  Pig.  3-1.  Some  over-all  planning  and  control 
functions  are  retained  by  management  as  its  own  tools,  but  most  of  the  responsi¬ 
bility  for  planning,  operation,  and  control  is  delegated  to  the  various  depart¬ 
ments;  the  time  span  of  this  active  responsibility  is  shown  schematically 
in  Pig.  3-2.  When  this  active  responsibility  terminates,  the  respective  depart¬ 
ments  may  become  actively  engaged  in  the  production  cycle  of  another  product, 
since  the  production-consumption  cycles  of  the  various  products  are  displaced 
in  time  in  relation  to  each  other.  Also,  it  should  be  appreciated  that  not  every 
function  mentioned  in  Table  3—1  is  repeatedly  exercised  for  every  production- 
consumption  cycle.  When  a  product  has  to  be  remanufactured,  most  of  the 
mformation  and  planning  associated  with  the  first  production  cycles  of  that 
product  can  be  used  in  subsequent  cycles,  so  that  proceedings  prior  to  manu¬ 
facturing  can  be  considerably  cut  down. 

Some  functions  may  also  be  undertaken  jointly  for  several  production  cycles 
in  the  form  of  periodical  planning  or  evaluation  projects,  such  as  layout  studies, 
expansion,  and  equipment  replacement  analysis,  and  these  may  be  carried  out 
either  concurrently  with  active  participation  in  production- consumption  cycles, 
or  between  them.  Figure  3-2  does  not  include  continuous  functional  responsi¬ 
bilities  that  are  not  actively  associated  with  one  particular  production-consump¬ 
tion  cycle  but  are  related  to  over-all  operational  effects  or  general  trends  in  the 
activities  of  the  organization.  These  include  training  of  personnel,  development 
of  managerial  control  systems,  equipment  and  stores  maintenance,  inventory 
control,  working  conditions  and  social  benefits  to  operators,  etc. 

One  of  the  interesting,  and  perhaps  vital,  features  of  the  inverted  pyramid  in 
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Figure  3-2.  Time  span  of  departmental  active  responsibilities, 

A — ^Se^arcli  and  development  is  started-  Usually  this  is  done  after  research  gives  some 
indieatioii  as  to  the  prospects  of  the  product  in  the  market,  but  sometimes  the 
initiative  begins  at  the  research  and  development  department,  and  market  research 
follows. 

B — Order  is  released  by  management  to  start-  on  detafled  design  of  a  new  product  or 
modification  of  an  existing  one. 

C — Production  planning  and  control  department  responsibility  begins  even  before  the 
design  is  eompletwi. 

H — ^Foint  where  first  batch  is  out  of  the  plant  and  ready  for  sale. 

A— H — ^Lead  time  for  research  before  prtxiuet  becom'es  avaEable. 

B-B — ^Design  period. 

B-H — Lead  time  for  design. 

F-I — ^Manufacturing  period,  including  transfer  of  finished  products  to  the  stores. 

G-d — Period  of  active  participation  of  the  production  planning  and  control  department. 

E-G — ^Period  of  time  required  for  adjustment  of  facilities,  such  as  purchasing  of  materials, 
tools  or  madiinerj^',  hiring  and  training  of  pereonnel  for  specific  operations  in  the 
production  cycle,  changes  in  the  layout,  mstallation  of  material  handling  systems, 
provision  for  storage  space,  etc.  This  period  normally  starts  soon  after  the  production 
control  section  assumes  responsibility  and  ends  before  the  first  batch  is  fully  pro¬ 
cess  through  the  shops.  The  fiinction  of  facilities  adjustment  belongs  to  the 
purchasing,  personnel,  production  and  plant  engineering  departments,  each  one 
performing  the  appropriate  adjustments  within  its  own  p^recincts. 

1 —  Research  and  development  period,  normally  required  only  for  new  products. 

2 —  ^Production  planning  and  control  overlap,  since  requisitions  for  purchase  of  materials 
and  tools  must  be  done  in  time. 

3 —  Inspection  of  materials  begins  before  manufacturing. 

4 —  Inspection  of  finished  product  must  necessarily  be  carried  out  after  termination  of 
the  manufacturing  process  at  point  I. 

5 —  Production  control  proceeds  with  the  evaluation  function  after  point  I. 
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Eig.  3-2  is  that  there  is  always  overlapping  of  active  responsibilities,  so  that 
planning,  operation,  and  control  follow  in  a  continuous  fashion  and  no  gap 
occurs  at  any  time  in  the  over-all  cycle.  The  left  side  of  the  pyramid  denotes 
the  successive  stages  of  planning,  each  stage  obtaining  processed  data  from  the 
preceding  stage.  This  accumulated  flow  do\^mward,  so  to  speak,  facilitates  the 
integrated  production  planning  and  other  preparations  to  be  performed,  before 
the  first  batch  of  products  is  finished.  The  right  side  of  the  pyramid  consists  of 
the  various  departments  that  evaluate  the  progress  of  the  operations  and  report 
to  a  higher  authority.  Here,  too,  actions  of  departments  at  certain  stages  depend 
on  the  analysis  performed  by  the  others,  but  progress  and  evaluation  reports 
are  almost  independently  made.  This  is  why  overlapping  is  far  greater  on  the 
right  side  than  on  the  left  of  the  pyramid,  which  therefore  looks  slightly 
lopsided  in  shape. 

Summary 

The  production- consumption  cycle  refers  to  the  successive  actions  that  take 
place  from  the  time  that  demand  for  a  product  is  indicated  by  market  research 
until  this  product  is  purchased  by  the  customer.  These  activities  can  be  classified 
into  planning,  operations,  and  control  functions.  The  specifications  of  the  objec¬ 
tives  (products,  assemblies,  parts)  impose  certain  limitations  on  the  methods  of 
utilizing  the  available  facilities  of  the  firm,  but  even  vith  these  restrictions,  many 
possibilities  have  to  be  explored,  and  this  is  the  essence  of  the  planning  function. 
Planning  should  provide  answers  to  the  questions:  what  (the  product),  how  (the 
method,  process,  sequence),  where  (the  machine,  department),  w^hen  (the 
schedule),  and  who  (the  operator)?  The  control  function  is  mainly  concerned 
with  the  questions:  why  and  how  else?  Plamiing  and  control  are  management 
functions  delegated  to  various  departments  such  as  sales,  research  and  develop¬ 
ment,  engineering,  production,  personnel,  and  finance,  each  exercising  responsi¬ 
bility  in  its  own  field.  The  overlapping  of  active  responsibility  ensures  proper 
integration  and  continuity  throughout  the  production- consumption  cycle. 
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ProMems 

1,  Point  out  which  department  in  an  organization  is  normally  responsible  for  each  of 

the  planning  and  control  fxmctions  mentioned  in  Table  3—1. 

2.  How  does  money  flow  during  the  production-consumption  cycle?  Describe  with 

the  aid  of  a  time  chart  the  planning,  operation,  and  control  functions  associated 
with  the  fibnancial  resources  of  the  firm,  and  show  at  what  stages  they  are 
converted  to  other  facilities  and  assets. 
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3.  ‘"Management  has  a  responsibility  to  itself.”  This  maxim  sometimes  refers  to  the 

need  of  executive  training.  Discus  this  statement. 

4.  List  the  means  that  the  firm  can  employ  to  attain  its  targets.  Can  you  indicate 

whether  and  how  these  facilities  are  interdependent?  Should  planning  of  each 
be  carried  out  separately,  or  would  integrated  planning  be  more  effective? 

5.  List  the  major  facilities  of  a  plant  you  have  visited  and  discuss  their  limitations. 

6.  Explain  how  feedback  information  should  affect  the  activity  of  each  department 

shown  in  Fig.  3-2. 

7.  A  wide  variety  of  dishes  are  offered  at  lunch  time  in  a  restaurant;  the  dishes  that 

appear  on  the  menu  may  be  classified  into  the  following  categories: 

(i)  Those  involving  preparation  time  of  1  hour  or  more 

(ii)  Those  requiring  about  10  to  15  minutes  of  preparation 

(iii)  Those  made  from  canned  food,  where  the  preparation  time  is  practically 
negligible 

Dishes  that  have  not  been  consumed  in  any  one  day  are  scrap  and  cannot  be 
stored  for  use  on  the  next  day.  Materials  required  for  categories  (i)  and  (ii)  have 
to  be  ordered  a  day  in  advance,  if  delivery  is  required  in  the  morning,  while 
delivery  of  canned  food  is  usually  made  in  the  afternoon.  A  certain  amount 
of  cold  storage  at  the  restaurant  is  available,  mad  the  management  is  prep^ared 
to  expand  this  facEity ,  if  necessary. 

How  would  you  use  production  planning  and  control  procedures  to: 

(a)  Study  customers’  preferences  and  demand  patterns? 

(h)  Determine  the  number  of  dishes  the  restaurant  should  plaa  under  each 
category  to  ensure  TnaiririniiTn  customer  satisfaction  and  minimum  scrap? 
(Are  these  two  objectives  compatible  with  each  other?) 

(c)  Outhne  a  materials  ordering  S3?stem  and  plan  materials  storage  capacity? 

(d)  Exercise  a  control  function  to  maintain  a  quick  and  effective  waitresses 
service? 

8.  A  gmall  manufacturer  of  hand  drills  started  his  business  five  years  ago  as  an 
a^embly  shop.  All  the  components  were  bought  or  subcontracted,  and  the 
assembly  line  (originally  planned  for  an  output  of  25  drills  a  day )  was  producing 
only  one  model. 

The  busiuess  has  expanded  considerably  and  now  there  are  two  a^embly 
lines,  one  engaged  in  the  production  of  200  drills  |»r  day  of  Model  I,  wMle  the 
second  line  produces  Models  II  and  III  on  a  batch  basis.  Their  quantities  vary 
from  week  to  week  according  to  the  sal^  department  requiremente.  A  winding 
shop  is  making  ah  the  motors  for  the  hand  drills  and  even  obtains  ordera  for 
motors  from  other  plants,  and  a  pr^  shop  is  engaged  on  producing  all  the 
required  pre^in^,  which  are  no  longer  sub -contracted.  The  press  shop  is 
geared  to  the  domestic  requirements  and  does  not  entertain  outside  orders. 

Thme  developments  nece^itate  reformulation  of  production  planning  and 
control  procedures.  How  would  you  set  about  carrying  out  this  task? 
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We  have  seen  that  production  planning  and  control  is  an  essential  production 
management  tool  that  assists  the  manager  in  charge  of  production  to  achieve  his 
target  efficiently,  economically,  and  in  the  time  allotted.  The  production 
planning  and  control  department  therefore  figures  very  prominently  in  the 
structure  of  any  organization.  The  definition  of  the  department’s  duties  and  its 
scope  is,  however,  by  no  means  universal.  The  ten  basic  functions  of  production 
planning  and  control  were  discussed  in  Chapter  1 ,  and  these  (with  the  exception 
of  inspection,  which  is  discussed  in  Chapter  19)  normally  constitute  the  minimum 
responsibilities  the  department  is  charged  with.  But  we  have  already  seen  that 
there  are  many  additional  aspects  of  production  management  wffiich  closely 
concern  production  planning  and  control  and  each  of  its  functions,  for  instance, 
plant  layout,  equipment  policy,  maintenance,  work  measurement,  and  even 
methods  analysis.  In  some  estabhshments,  mainly  of  small  and  medium  size, 
these  additional  aspects  or  some  of  them  are  included  in  the  production  planning 
and  control  department.  In  others,  the  department  responsibility  is  confined  to 
the  production  planning  and  control  basic  functions,  while  other  fields  of  produc¬ 
tion  management  are  grouped  under  a  separate  department,  bearing  the  name 
of  ^‘industrial  engineering  department,”  '"operations  analysis  department,” 
""operations  research  department,”  ""methods  department,”  or  ""work  study 
department,”  etc.  None  of  these  names  adequately  describes  what  the  depart¬ 
ment  is  supposed  to  do,  as  defimtions  for  these  terms  are  not  as  yet  universally 
accepted.  The  name  ""industrial  engineering  department,”  which  is  more  in  use 
than  the  others,  is  perhaps  least  suitable  for  the  purpose  because  production 
planning  and  control  itself  is  but  a  part  of  industrial  engineering. 

The  demarcation  of  responsibilities  in  industry  between  the  two  departments 
varies  considerably  with  the  type  of  production,  size  of  plant,  the  importance 
higher  management  attributes  to  certain  functions,  and  the  effects  of  personali¬ 
ties  in  the  organization.  A  broad,  though  by  no  means  rigid,  division  of  industrial 
engineering  functions  is  suggested  in  the  accompanying  chart. 


43 


44 


Production  Planning  and  Control 


IXBUSmL4L  EXGmEERING  FimCTIOKS 


I 

Fmietions  concerned  with 
immediate  aspects  of  production 


Production  Planning  dr  C&miroi 


I 

Functions  concerned  with 
evaluation  of  means  and 
methods  and  with  long  term 
planning 

I 

Methods  Engineering 


Materials:  records,  availability,  procure¬ 
ment,  storage,  issue,  control. 

Methods :  confined  to  choice  from  avaflabie 
facilities  for  mamifaeture  of  given 
prcduets;  too!  and  jig  design. 

Madhines:  ^>ecifieations,  availability,  load- 
ing. 

Routing  'I 

Estimatmg  I  all  responsibilities  as  enu- 

Schedulmg  j  merated  in  Chapter  1. 

Dispatching  J 

Inspection:  only  concerned  with  inspection 
results,  but  not  with  ks  execution. 

Expediting:  all  responsibilities. 

Evaluation :  concerned  with  immediate 
lessons  derived  from  production  control, 
but  analysis  of  data  for  long-term 
planning  is  performed  by  the  Meth«is 
Engineering  Department. 


Motion  study:  operations  analysis  (method 
study),  micromotion  study,  work-place 
layouts. 

Procsess  evaluation:  comparison  of  pre¬ 
cedes,  new  procedes. 

Machine:  equipment  policy,  maintenance, 
and  renewai- 

Layout:  flow  of  materials  in  the  plant, 
location  of  machines  and  departments, 
materials  handling  systems,  expansion 
plans. 

Quality  confrol:  inspection,  testing  labora¬ 
tories,  cost  of  quality. 

Standardization  and  simplification:  of 
product,  methods,  macliines,  auxiliary 
equipment,  recording  systems,  proce¬ 
dure. 

Safety:  instructions  for  safe  handling  of 
materials  and  operation  of  machines. 

Incentive  schemes:  wage  incentives,  other 
incentives. 

Suggestion  schemes:  means  to  encourage 
operator’ contribution  to  improvement. 


Tlie  purpose  of  a  healthy  organization  stmetnre  is  to  provide: 

1.  A  system  for  collect ing  and  recording  up-to-date  facts 

2.  An  efficient  communication  system,  to  facilitate  flow  of  instmetions  down- 

wmd  and  flow  of  information  upward  and  sideward 

S-  A  smooth  and  efficient  procedure  of  operation 

4.  A  demarcation  of  authority  and  r^ponsibility,  which  clearly  specifies  the 
mechanism  of  facts,  evaluation,  and  decision  making 


A  typical  orgamzation  chart  is  shown  in  ilg.  4-1.  It  should  be  emphasized, 
perhaps,  that  such  charts  are  by  no  means  universal  and  that  there  is  a  wide 
scatter  of  variations  in  organizational  patterns  as  found  in  industry.  The 
organizational  structure  grows  and  develops  in  relation  to  the  past,  present 
policies,  and  future  plans  of  the  firm.  It  is  the  outcome  of  an  evolutionary  process; 
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Figure  4-1,  A  typical  organization  chart  for  a  manufacturing 
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it  changes  with  circumstances  and  personalities;  it  can  seldom  he  imposed  at 
the  outset  and  rigidly  maintained  thereafter.  The  chart  in  Fig.  4—1  shows  a 
structure  commonly  found  in  medium  size  plants^  where  the  production  planning 
and  control  department  is  directly  answerable  to  the  vice-president  in  charge  of 
manufacturing. 

The  internal  organization  of  the  production  planning  and  control  department 
normally  foHows  the  functional  pattern  described  in  Chapter  1 .  The  department 
is  headed  by  a  senior  production  engineer,  who  is  responsible  for  all  the  planning 
and  control  tasks  connected  with  prodnetion  and  for  the  proper  coordination 
of  the  various  functions  in  order  to  ensure  that  the  shops  are  provided  wdth  all 
the  availahle  instmetions  and  facilities. 


PRODUCTION  PLANNING 
AND  CONTROL 


IOperofion  layout 
and  Routing 


Time 

Esfi  mating 


♦Wben  not  a  port  of  the  metfeods 
engineering  defxsrtiaerit 


Scheduling 


Figure  4-2.  A  eomrentiomal  orgemization  chart  af  the  pro- 
duction  planning  and  control  department. 
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Departmental  Sectionalization 

The  planning  and  control  department  normally  consists  of  three  sections  (see 

Jig.  4—2).  ' 

1.  The  plannmg  section,  the  head  of  which  is  in  charge  of  all  the  plannino- 

fimctions 

2.  The  control  section,  the  head  of  which  is  concerned  with  all  control 
functions  from  the  word  “go” 

3.  The  inventory  section,  which  deals  nith  all  problems  connected  vdth 

materials  and  their  requisition  and  storage 

Production  plannmg 

This  section  includes  eight  distinct  activities. 

ProduMion  bndget  office,  where  the  incoming  orders  are  obtained  and 
re^rd^  m  the  order  book  and  where  the  budget  requirements  in  connection 
mth  Je  execution  of  the  order  are  worked  out.  Delivery  dates  are  estimated 
alter  the  plannmg  of  schedules  is  completed. 

(u)  records  oj^ce,  where  planning  engineers  can  obtain  information 

about  materials  avadable  in  the  stores,  so  that  action  can  be  taken  to  “freeze” 
or  allocate  the  required  amounts  and  to  sanction  the  purchase  of  those  materials 
which  are  not  available.  Allocation  of  materials  in  the  stores  is  an  important 
step  at  an  early  stage  of  the  proceedings,  as  stocks  of  materials  are  liable  to 
change  before  production  is  due  to  start,  and  if  the  required  materials  are  issued 
m  the  mterim  period  for  other  purposes,  a  chaotic  situation  may  arise.  Precisely 
tor  the  same  reason,  records  have  to  be  kept  up  to  date,  to  ensure  that  the 
picture  they  represent  is  realistic  and  reliable. 

(m)  Methods  planning,  whose  responsibility  is  to  assess  the  potentialities 
ot  available  processes  and  select  the  most  suited  for  the  production  of  each 
TOm^nerrt  of  the  product.  Methods  engineers  also  decide  how  the  product  should 
be  ^vided  mto  assemblies,  the  sequence  of  operations  for  each  part,  and  the 
metho<^  of  assembling.  Methods  planning  is  an  important  job,  as  it  lays  the 
oundation  for  all  subsequent  planning  and  control  activities.  The  methods 
engmeer  must  be  conversant  not  only  with  the  multitude  of  manufacturin<^ 
processes  that  are  m  use,  their  merits  and  limitations,  and  their  technological 
and  economical  significance,  but  he  must  be  also  famihar  with  newly  developed 
processes  aM  new  materials  that  are  introduced  into  the  market  practically 
every  year.  Obviously  these  require  that  he  knows  fundamental  motion-economy 

prmciples,  m  order  to  ensure  that  his  prescribed  methods  are  basically  sound 
workable,  and  efficient. 

(iv)  Machines  records,  from  which  information  can  be  obtained  on  the 

Tollo-wiiig  questions: 

(a)  How  many  machines  are  there?  What  is  their  accuracy,  their  ranc^e  of 
speeds,  feeds,  etc.?  ° 
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(b)  What  maintenance  or  oTer-all  repair  schedules  do  they  have? 

(c)  What  is  the  frequency  of  breakdowns  (from  past  experience)?  What 
alternatives  are  available  in  case  of  a  breakdown? 

(d)  From  past  method  studies,  at  w4at  percentage  of  efficiency  (actual 
working  time  ratio  to  over-all  time  available)  do  these  machines 
normally  operate? 

(e)  In  case  of  mffitimachine  supervision  by  one  operator,  ■what  percentage 
of  interference  may  be  expected? 

(f)  What  net  production  capacity  do  these  machines  have? 

(g)  What  load  has  afready  been  scheduled  on  these  machines  and  hence 
what  available  time  do  they  have? 

(v)  Tml  and  jig  design  office^  where  all  auxiliary  aids  are  planned  and 
designed  in  meticulous  detail.  Tool  engineering  is  a  specialized  trade.  It  requires 
a  thorough  knowledge  of  the  production  processes  employed  and  of  tool  materials 
and  their  treatment.  Understanding  of  the  design  of  the  product  and  its  func¬ 
tional  scope  is  needed  for  proper  Jig  and  fixture  design,  which  can  result  in  great 
economies  of  time  and  effort  on  the  part  of  both  workers  and  supervisors. 

Tools,  jigs,  fixtures,  mechanical  handling  systems,  and  other  mechanical  aids 
to  production  crystallize  and  finalize  production  methods  to  a  certain  extent, 
and  must  therefore  be  very  carefully  and  painstakingly  planned.  This  means, 
however,  that  design,  manufacture,  and  inspection  of  tools  and  mechanical 
aids  may  result  in.  a  substantial  lead  time  required  at  the  planning  stage. 
Mechanical  aids,  espeeialy  jigs  and  fixtures,  can  sometimes  be  re-used,  either 
in  whole  or  in  part.  In  such  cas^  not  only  the  cost  is  reduced,  but  lead  times  also 
can  be  eonsiderahly  shortens!.  This  aspect  of  repeated  use  of  production  aids 
demands  much  thought  and  careful  planning  of  their  functional  flexibility  at  the 
design  .stage.  .A  large  number  of  components,  from  which  these  aids  are  con¬ 
structed,  can  in  fact  be  standardized  and  constantly  kept  in  stock  so  that  they 
are  readily  available  when  a  new  fixture,  positioner,  etc.,  has  to  be  designed  or 
a^embled. 

Advanced  standardization  of  mechanical  aids  requires  great  skill  and  in¬ 
genuity  on  the  pa.rt  of  tool  and  Jig  designers,  especially  when  the  plant  is  engaged 
in  manufacturing  a  variety  of  products  on  a  batch  production  basis  and  when 
short  lead  times  for  planning  are  desirable  in  order  to  ascertain  short  delivery 
dates. 

(vi)  Operation  lapout  awd  routing  office^  which  is  responsible  for  expressing 
the  production  plans  in  a  form  understandable  to  those  who  have  to  carry  them 
out.  Process  charts  are  translated  into*  route  sheets  and  operation  sheets,  and  the 
operations  are  described  in  great  detail.  All  the  tools,  jigs,  and  fixtures  that 
should  be  used  for  each  operation  are  specified. 

(vii)  Time  estimating  office,  where  operation  times  are  worked  out  from  the 
given  da.ta  in  the  operation  sheets.  These  times  include: 

(a)  Calculations  of  actual  production  times  based  on  speeds,  feeds,  etc. 
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(b)  Nonproductive  timesj  which  cover  chucking  or  loading,  setting,  and 
unloading  of  the  machines 

(c)  Times  for  additional  tasks  of  the  operators,  during  wliich  the  machine 
is  not  effectively  employed 

(d)  Allowances  for  delays,  stoppages,  interference,  personal  fatigue,  etc. 

Here,  too,  standardization  of  times  for  tasks  and  allowances,  based  on 

experience  and  past  records,  is  very  helpful  and  time  saving.  Time  estimators 
have  to  be  conversant  with  the  processes  and  methods  employed,  and  they  must 
be  proficient  in  compiling  standard  time  data  and  their  application.  We  have 
already  seen  in  Chapter  1  that  time  estimating  is  an  essential  link  in  production 
planning  between  routing  and  machine  loading. 

(viii)  Scheduling,  where  machines  are  loaded  against  their  available  capacity 
and  all  the  planning  details  and  calculations  are  integrated  into  a  final  sequential 
pattern  of  target  forecast,  which  sets  the  pace  for  production  activities  and  their 
coordination.  Data  for  commencement  of  each  operation  and  for  its  completion 
can  he  specified  and  an  assessment  can  be  made  on  the  plant  over-all  available 
capacity ,  delivery  dates,  effects  of  new  orders  on  schedules,  and  on  the  length  of 
the  queue  of  production  orders. 

Troduetioii  control 

The  functional  responsibUities  of  production  control  have  already  been  dis¬ 
cussed  in  Chapter  1.  As  suggested  by  Fig.  4-2,  the  section  covers  the  follovdng: 

(i)  Dispatching  office,  which  is  responsible  for  the  release  of  production 
orders.  The  dispatchers  have  to  be  acquainted  not  only  with  the  job  but  also 
with  the  men  in  order  to  ensure  that  tasks  are  smootlily  allocated  and  properly 
understood. 

(ii)  Expediting  center,  which  has  to  maintain,  ydth  the  aid  of  expeditors  or 
progress  men,  an  effectiye  communication  system  between  the  shop  floor  on  the 
one  hand  and  the  scheduling  office  on  the  other,  and  which  regulates  materials 
flow  in  the  shop  and  secures  conformity  between  plan  and  practice.  This 
communication  system  can  mark  the  success  or  failure  of  the  schedule,  and  it 
therefore  calls  for  alertness,  sldll,  and  a  thorough  knowledge  of  the  details  of 
the  schedule  and  flow  of  materials, 

(iii)  Motion  and  time  study,  where  working  methods  are  studied  and 
improved  and  wwk  is  measured.  This  section  really  belongs  to  the  methods 
engineering  department,  but  in  industry  it  is  sometimes  found  in  various  forms 
as  part  of  the  production  planning  and  control  department.  Motion  and  time 
study  includes: 

(a)  Recording  of  work  methods  (by  process  charts,  layouts  and  string 
diagrams)  and  developing  better  methods 

(b)  Mierornotion  study  for  highly  repetitive  work  (by  motion  picture 
cameras,  chronocyclegraphs,  analysis  into  elemental  motions)  and  for 
developing  simpler  motions 
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(c)  Measuring  work^  either  for  correlation  with  the  estimating  function  or 
for  setting  standard  times  for  existing  operations  or  for  newly  developed 
ones 

(d)  Goilecting,  assessing,  sortmg,  and  standardizing  time  data  for  future 
reference  in  estimating 

(e)  Training  operators:  to  use  new  techniques  and  methods  correctly  and 
teaching  them  the  principles  of  motion  economy 

(iv)  Transportation  section,  which  is  responsible  for  the  movement  of  men 
and  materials  within  the  plant  and  to  and  from  it.  It  includes  the  movement  of 
materials  between  stores,  from  the  stores  to  the  shop,  and  within  the  shop,  and 
therefore  transportation  tasks  have  to  be  performed  in  close  liaison  with  expedit¬ 
ing.  Other  transportation  r^ponsibilities  cover  receiving  of  goods  or  materials 
and  shipping  of  finished  goods. 

Inventory  control 

This  department  comprises  five  main  sections: 

(i)  Stores  management,  which  includes  storekeeping,  records  keeping, 
maintenance  of  materials  in  store  and  isue  of  materials. 

(ii)  Quantity  control  section,  which  is  responsible  for  keeping  and  studying 
records  of  inventories  and  prescribing  methods  for  keeping  stocks  in  control  and 
specifying  stock  levels  and  batch  siz^  for  ordering. 

(iii)  PurcMsing  section,  which  issues  purchasing  ordeis  to  vendors  and 
follows  up  past  orders.  This  section  also  maintains  records  of  vendors,  catalogs, 
techni'Cai  and  price  information,  and  data  about  the  vendom’  reliability  with 
respect  to  quaMty  and  delivery  dates. 

(iv)  deceiving  section,  where  goods  are  received  and  checked  to  ensure  that 
they  'Conform  to  the  detafis  given  in  the  order  with  regard  to  specification  and 
quantity.  Specifications  are  checked  by  acceptance  quality  tests,  which  may 
include  dimensional  inspection  and  tests  for  composition,  hardness,  strengt.h, 
electrical  or  heat  conductivity,  or  other  physical  and  chemical  properties. 
Quantity  checks  include  counting  or  measuring  weights  or  volumes' received  as 
well  as  recording  breakage,  spillage,  or  scrap,  so  that  appropriate  claims  can  be 
made  either  to  the  vendors  or  to  insuranee  companies. 

(v)  Simplification  section,  where  problems  relating  to  variety  reduction  are 
studied.  Simplification  and  standardization  is  perhaps  a  fundamental  function 
of  stores  management,  but  when  many  items  are  involved,  especially  when  parts 
are  both  produced  by  the  plant  and  ordered  from  subcontractors,  problems  of 
simplification  and  standa.rdization  very  often  Justify  a  separate  section  to  deal 
with  them. 

Variatio.ns  on  the  conventional  pattern  of  organization 

Organization  of  the  production  planning  and  control  department  greatly 
depends  on  the  type  of  establishment  and  its  characteristic  problems.  Even  in 
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^ar  ^tablishments  certain  sections  may  vary  in  size  and  position  in  the 

and  owing  to  different  attitudes  of  management  toward  the  importance 

of  f''"  »ov.ntio„al  pattern  deacribad 
m  precedmg  paragraphs  are  mainly  concerned  with  four  sections. 

Motion  and  time  study 

We  have  already  mentioned  that  motion  and  time  study  should  lomcallv 
belong  to  the  methods  engineering  department,  i.e.,  in  establishments  where 
«.^departte,„t  erdsts.  Hoa-avar,  even  whan  and  time  ally 

debT^l  r  ^  w?  production  planning  and  control  department,  J  is  stUl 
putable  whether  xt  should  be  under  the  control  section,  as  shown  iA  Fig  f  2 
since  motion  and  time  study  has  both  planning  and  control  aspects.  Hotever,’ 

PRODUCTION  PLANNING 
AND  CONTROL 


Producfion 

Planning 


Motion  &  Time  Study 
(or  Work  Study) 


Production 

Control 


Inventory 

Control 


__  Materials 
Records 

“  Machines 

_  Tool  and 
Jig  Design 

Routing 


-  Scheduling 


-  Recording 

Methods 

Analysis 

.  Work 

Measurement 


■  Dispatching 
Expediting 


Transportation 


*When  not  a  part  of  the  methods 
engineering  department 


Figure  4-3.  Variation  on  Fig.  4-2:  Motion  and  time  study  as  a 


^  Stores 
Management 

.  Quality 
Control 

■  Purchasing 


•  Simplification 


separate  section. 


and  plannmg  period,  even  at  the  design  stage  of  the  product.  M^on 

and  tune  study  can  therefore  be  quite  commonly  found  as  separate  sections 

incluX^'T^t  estimating,  as  shown  in  Fig.  4-3,  and  may  even 

scope  of  mottif'^Xr''  conventional 

nlant  lr.e  +'  incorporates  analysis  of  over-all  layouts, 

SXs  XhT’  lo-d  distribution  between  several  plants 

shops  problems  that  require  operations  research  techniques. 

Standards  section 

A  separate  section  to  deal  with  standardization  and  simplification  (Fig  4^) 
of  products,  materials,  equipment,  and  tools  is  particularly  useful  when  the  firm 
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consists  of  a  number  of  plants.  The  standards  section  operates  at  the  head  office. 
It  initiate  meetings  on  standards  topics  in  which  designers,  methods  engineers, 
purchasing  personnel,  stores  managers,  and  salesmen  take  part,  and  it  issues 
reference  sheets  and  standards  volumes  for  the  use  of  aU  concerned. 

Transpmrtatioii  section 

WMle  internal  transportation  is  closely  associated  with  expediting,  external 
transportation  problems  are  often  more  detached  in  character.  When  external 
transportation  involves  additional  major  responsibilities,  a  separate  transporta¬ 
tion  section  can  be  organized  on  the  lines  shown  in  Fig.  4-4. 


Producfion 

Plannifig 


PRODUCTION  PLANNING 
AND  CONTROL 


Prodyctiofi 

Control 


loventoiy 

Control 


Transportation 


Standards 


-y— - J 

Production 
■  Budget 

- 1  L_ 

-Dispatching 

- 1 

___  Stores 
Managemenl 

- 1  I— 

^Infernal 

Transportation 

_ I 

_Raw 

Materials 

—Methods 

-  Expediting 

__Quant!fy 

Confroi 

—Receiving 

-Bought  Parts 

—Machines 

^Motion  and"^ 
Time  Study 

^Purchasing 

^Shipping 

Components, 
—  Assemblies 
&  Products 

_Tooi  and 

Jig  Design 

Machines  &* 
Equipment 

Operation 
—Layout  and 
Rooting 

_  Procedure^ 
Forms 

_Time 

Btiinafing 

’^Wlten  i»of  a  part  of  the  utetbodls 
engineering  deportment 

^Scheduling 

Figure  4-4,  Variation  om  Fig,  4^3:  TramS'porimiiom  mmd  stamdmrds  seeiion  in  the 
organisation  chart. 


Cented  statistics  office 

In  the  conventional  organization  any  data  on  available  resources  (materials, 
machines,  menj,  capacities,  loa'ding,  and  scheduling  are  distributed  among 

several  sections,  and  any  adjnstments  in  the  schedules,  forecasting  delivery  dates, 
and  processing  of  incoming  ordere  may  become  complex  problems  in  coordina¬ 
tion.  Organization  and  procedure  can  be  greatly  simplified  when  aU  records  are 
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kept  in  a  central  statistics  office,  in  which  scheduling  is  also 
responsibilities  of  this  office  (see  Fig,  4-5)  include: 

Records  of  available  materials  in  stock 


performed. 


Records  of  available  tools,  jigs,  fixtures,  and  other  aids 

Records  of  machines  and  their  specifications  and  capacities 

Machme  loading  cards,  from  which  available  time  can  be  deduced 

bcnedulmg 

Production  budget 
Processing  of  incoming  orders 

The  last  two  functions  can  be  divorced  from  the  central  statistical  office. 


The 


engineering  department 

Figure  4-5.  Variation  on  Fig.  4-2:  The  Central  Statistics  Office. 

The  pa,^r  work  at  a  central  statistics  office  can  be  greatly  mechanized  (see 
Chapter  16),  especially  in  larger  establishments,  and  this  is  another  advantage 
or  the  centralization  of  record  keeping.  In  the  production  planning  and  control 
procedure,  the  CSO  (central  statistics  office)  has  the  foUowing  functions: 

^e  CSO  (or  the  production  budget  section)  receives  and  records  the  orders. 

It  pass^  the  orders  to  the  methods  section,  where  the  material  specifications 

are  checked  and  approved. 

The  CSO  checks  availability  of  materials. 

It  notifies  the  stores  about  materials  allocations  for  specific  orders. 

It  request  the  purchasing  section  to  order  materials  not  available  in  sufficient 
quantities  (or  available  but  already  allocated  for  other  orders). 

It  checks  capacities  and  availability  of  machines  and  supplies  the  information 

to  the  planning  section. 
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It  obtains  proce^  charts,  routing  charts,  and  operation  sheets  with  operation 
times,  from  the  planning  sections. 

It  performs  the  machines  loading  on  the  machine  capacity  cards. 

It  plans  the  schedules. 

It  specifies  delivery  dates  and  studies  the  orders  queue. 

It  passes  information  and  all  instruction  sheets  and  documents  to  the  control 
section. 

It  adjusts  and  modifies  the  schedules  and  machine  loading  cards  in  conjunction 
with  the  production  control  section. 

A  well-organized  CSO  is  a  great  asset  to  production  planning  and  control.  It 
coalesces  the  department  activities.  It  facilitates  the  efficient  execution  of  one 
basic  fonction:  that  of  collecting  vital  facts  about  the  plant  performance  and 
potentialities,  without  which  no  intelligent  analysis  and  planning  can  take  place. 
It  digests  the  enormous  bulk  of  information  about  production  that  pours  in  and 
provides  management  with  the  basic  data  required  for  decision  making. 

Centralized  and  Decentralized  Production  Planning  and  Control 

In  multiplant  establishments  the  organization  of  the  production  planning  and 
control  functions  presents  several  difficult  problems.  On  the  one  hand  all  the 
activities  of  production  planning  and  control  have  to  be  coordinated  in  order  to 
attain  umty  of  purpose  as  expressed  by  top  management  policy.  This  is  reflected 
in  management  planning  with  respect  to  budgeting,  allocation  of  facilities, 
expansion,  and  plant  renewal  policy.  It  becomes  particularly  important  when 
production  schedules  have  to  be  coordinated,  especially  when  the  end  product  of 
one  plant  is  fed  to  another.  On  the  other  hand,  production  planning  and  control 
ftmctions  are  closely  related  to  the  production  activities  of  each  plant,  and  it  is 
neither  efficient  nor  practical  to  rely  on  “remote  control”. 

Th^e  two  aspects  have  essentially  led  to  two  different  systems  for  organizing 
production  plamiiiig  and  control  in  multiplant  establishments:  a  centralized  and 
a  decentralized  organization,  as  shown  in  Figs.  4-6  and  4-7.  Apart  from  the 
natural  desire  of  individual  plants  to  be  self-sufficient,  and  have  a  complete 
production  planning  and  control  organization  of  their  own,  versus  the  tendency 
on  the  part  of  some  top  managements  to  overcentralize  in  order  to  have  every¬ 
thing  under  control,  there  are  obviously  objective  arguments  pro  and  con 
^ch  type  of  organization,  and  the  arguments  will  depend  on  the  particular  case 
that  is  being  considered.  But  even  under  circumstances  of  fuU  plant  autonomy, 
some  form  of  centralized  planning  is  necessaiy  to  provide  a  master  production 
schedule  and  to  set  performance  targets.  Those  functions  of  production  control 
which  are  associated  with  everyday  problems  of  dispatching  and  expediting 
(and  even  some  aspects  of  evaluation)  are  vital  in  the  plant,  even  in  a  centralized 
oi-amzation  setup.  These  aspects  are  clearly  shown  in  the  organization  charts  in 
Figs.  4-6  and  4-7,  and  between  these  two,  a  working  framework  can  he  con¬ 
structed  to  suit  the  particular  needs  of  various  multiplant  establishments. 


?iguro  4-7.  necentralixed  production  planning  and  control  in  a  niultiplant  organisation. 


Organization  57 


Summary 

Industrial  engineering  functions  can  be  classified  into  two  main  categories: 
those  concerned  with  immediate  aspects  of  production  operations  (assigned  to 
the  production  planmng  and  control  department)  and  those  particularly  asso- 
ciated  with  evaluation  of  methods  of  manufacture.  Accordingly  these  functions 
are  normally  divided  between  two  separate  departments,  the  demarcation  of 
r^ponsibihties  bemg  greatly  dependent  on  many  factors,  such  as:  the  dynamics 
of  process  evaluation,  the  type  of  association  that  exists  between  time  study  and 
estimating  and  rate  fixing,  and  the  complexity  of  manipulating  and  processing 
data  pertaining  to  production  operations.  Sometimes,  therefore,  the  production 
planning  and  control  department  includes-in  addition  to  the  sections  of 
production  planning,  production  control,  and  inventory  control  which  it 
normally  consists  of— such  sections  as  motion  and  time  study  (for  instance,  when 
a  separate  methods  engineering  department  does  not  exist  in  the  plant),  stan¬ 
dards,  transportation,  and  a  central  statistics  office. 


Refermices 

Alford,  L.  P.,  and  Beatty,  H.  R.:  Principles  of  Industrial  Management  (The  Ronald 
Pre^  Co.,  1951). 

and  Rung,  E.  E.:  Production  Control 

(AlcGraw-HiU  Book  Co.,  Inc.,  1948). 

Carson,  G.  B.  (ed.):  Production  Handbook,  section  2  (The  Ronald  Press  Co.,  1958) 
Roepke,  G.  A.:  Plard  Production  Control  (John  Wiley  &  Sons  Inc.,  1949). 

Parton,  J.  A.,  and  Stores,  C.  P.:  Production  Control  Mamud  (Conover-Mast  Publica¬ 
tions  Inc.,  1955). 

Pr^uction  Control  and  Related  Works  Statistics  (The  Institution  of  Production 

-Isngineers,  London,  1956), 


Problems 

1.  Discuss  the  position  of  motion  and  time  study  in  the  organizational  structure  of  a 

manufacturing  firm. 

2.  Is  It  possible  to  divorce  work  measurement  from  method  study?  Is  it  desirable? 

3.  -nffiat  difficulties  would  you  envisage  in  an  organization  where  inventory  control 

IS  not  answerable  to  production  planning  and  control  but  to  the  finance 

division? 

4.  Problems  of  manpower,  skffls,  supervision,  and  human  relations  were  not  included 

m  the  chart  shown  in  Fig.  4-2.  Should  you  infer  from  this  that  these  subjects 
are  of  no  interest  to  production  planning  and  control  engineers? 

5.  Suggestion  schemes  were  shown  as  a  responsibility  of  the  methods  engineering 

department.  Suppose  a  modification  of  a  certain  tool  is  proposed  by  an  operator, 
and  bearmg  in  mmd  that  tool  design  is  a  responsibility  of  the  production 

planning  and  control  department,  what  procedure  would  you  propose  to  ensure 

a  proper  flow  of  information  and  that  the  suggestion  receives  the  attention  it 

deserves? 
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6.  Wliat  are  the  purpose  of  good  organimtionl  If  these  purposes  are  universal  and 

can  be  achieved  by  a  certain  organizational  structure,  how  can  these  facts  be 
compatible  with  the  statement  that  organizational  stractures  are  not  universally 
applicable  to  all  similar  firms? 

7.  Discus  the  functions  of  a  standards  section  and  its  place  in  an  organization  chart. 

8.  A  production  planning  and  control  department  in  a  firm  is  organized  on  the  lines 

suggested  in  Fig,  4-2,  but  the  production  engineer  in  charge  contemplates  the 
introduction  of  a  CSO.  He  has  asked  you  to  perform  the  following  tasks: 

(i)  Prepare  a  memorandum  expiaming  the  merits  of  a  CSO  and  showing  how 
it  is  going  to  simp^Mfy  the  department  procedure  and  speed  up  its 
opemtion. 

{ii|  Outline  how  the  changeover  is  going  to  take  place  and  define  the  re¬ 
sponsibilities  of  each  action  in  the  new  organization. 
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Product  development  and  design  are  closely  allied  to  the  preliminary  stages 
af  pr^uction  plannmg.  When  a  new  product  is  projected,  the  designer  has  to 
tar  in  mind  the  available  resources  of  the  plant  and  the  possible  implications 
of  the  plant  having  to  acquire,  modify,  or  substitute  existing  machines  and 
equipment  or  subcontract  various  components  to  other  suppliers.  It  is  therefore 
obvious  that  product  development  and  design  is  at  the  core  of  the  development 
md  grouth  of  the  manufacturing  plant  and  its  departments.  This  is  why  product 
u  fundamental  elements  of  management  policy,  and  its  features 

should  be  coordinated  with  the  main  targets  management  sets  itself  to  achieve. 


Company  Policy 

What  is  the  product  policy  of  an  organization,  and  how  does  it  affect  the 
d^gu  of  he  product?  Surveys  in  industry,  by  use  of  questionnaires  and  interro¬ 
gation  of  key  executives  of  manufacturing  firms,  have  revealed  that  there  is  no 
such  one  pohcy  for  aU  concerns.  One  large  chain  of  department  stores  aims  at 
commodities  to  the  public  at  a  minimum  price,  whatever  the  quality  In 
-act  one  may  qmte  sure  that  articles  bought  at  this  firm  cannot  be  obtained 
ehea^r  anywhere  else  or  even  at  the  same  price.  The  company  bases  this  policy 
Tf  type  of  goods  it  offers  need  not  have  a  very  lonJ 

likely  to  be  very 

oe.  so  that  even  a  very  marginal  profit  per  unit  will  lead  to  substantial  gains 
Ofc  compames  (for  instance,  in  the  aircraft  industry  and  many  predsiTn 
u^ent  makem)  define  their  aim  as  maximum  quality,  whatever  thfco 

important  part,  as  in 

'•eP’iteble  manufacturer  of  automobiles,  whose  main  business  is 
e  aero-engine  field.  The  firm  produces  what  may  be  considered  the  best 
.«™bae  fa  .be  world.  b„.  .ho  ™ber  produced  perL.„TS“  1."! 
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and  in  spite  of  the  high  price  of  the  finished  article,  the  firm  cannot  expect  to 
yield  a  Teiy  Mgh  profit  from  this  line  of  business  alone.  Another  automobile 
firm,  on  the  other  hand,  aims  at  large  volume  production  of  a  low-priced  car  that 
will  compete  with  more  expensive  models  by  having  some  of  their  successful  and 
popular  features  and  innovations.  Most  companies,  however,  say  they  aim  at 
striking  a  satisfactory  balance  between  very  high  quality  and  a  reasonable  price. 
Others  go  further  and  endeavor  to  improve  this  balance  in  favor  of  the  customer, 
by  improviiig  quality  and  leaving  the  price  unchanged  or  by  improving  produc¬ 
tion  methods  and  offering  the  same  quality  at  a  reduced  price. 

In  mflationaiy  times  when  a  decrease  in  price  is  not  possible,  the  aim  may  be 
toward  curbing  the  rate  of  Increase  in  the  product  price  to  that  below  the  general 
rate  of  increase  in  the  cost  of  living  or  the  cost  of  similar  products.  Other 
companies  wish  to  increase  the  range  of  applications  of  their  products,  hoping 
in  this  way  to  attract  wider  consumer  appeal  and  increase  the  volume  of  their 
sales. 

Effect  of  eonapetitioii  on  design 

Whatever  the  proclaimed  policy  of  the  organization,  it  is  in  fact  a  definition 
of  the  tactics  by  means  of  which  the  company  hopes  to  achieve  a  more  funda¬ 
mental  aim;  to  he  competitive.  Being  competitive  implies  that  special  features 
of  the  product  are  offered  so  that  potential  customers  will  be  persuaded  to 
exchange  some  of  their  money  for  the  privilege  of  owning  or  using  the  product, 
even  if  by  doing  so  they  are  deprived  of  purchasing  power  for  other  attractive 
eommodities. 

The  fact  can  never  be  overetated  that  competition  is  not  confined  only  to 
articles  of  the  same  class  performing  the  same  or  simfiar  functions.  An  indus¬ 
trialist  with  limited  resources  who  wishes  to  change  some  of  his  equipment  may 
be  tom  between  the  desire  to  buy  a  new  arc  welding  or  a  sbapmg  machine.  By 
having  to  make  a  choice  between  these  two,  the  industrialist  has  to  make  a 
decision  in  a  situation  where  the  arc  welding  and  the  shaping  machines  are  in 
dhect  competition  with  each  other.  There  are  many  aspects  to  this  competitive 
Situation  over  which  the  manufacturer  has  little  influence  (such  as  the  technical 
condition  of  the  existing  equipment  and  the  amount  of  maintenance  it  involves, 
or  the  expected  increase  in  productivity  of  the  proposed  new  equipment  corn- 
par^  with  the  existing  one.  or  some  financial  aspects;  e.g.,  the  industrialist 
^ferrmg  at  this  stage  to  invest  in  the  cheaper  of  the  proposed  new  items,  etc.). 
However,  competitiveness  should  be  measured  against  the  general  background 
of  consumption  and  not  compared  only  with  successes  of  direct  competitors. 

liOag-range  plaimiiig 

The  important  of  product  development  and  design  for  long-range  planninc. 
by  management  is  further  emphasized  by  the  period  of  time  that  elapses  from 
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the  inception  of  the  idea  for  the  new  design  until  production  starts  Some 
surveys  m  mdustry  revealed  remarkable  figures  for  this  “incubation”  period: 

Automobile  bodies  . 

Autouiobile  engines 


Radios  and  television  sets.  . 
bpeciaiized  welding  equipment 
Telecommunications  equipment 
Aircraft 

Household  equipment 
Metal-cutting  equipment  .  . 
bhipbuilding  (depending  on  size  of  vessels;  special  shipbuilding 
designs  may  be  developed  over  several  years) 


2  years 
4-7  years 
6-12  months 
6  months 
4  yearn 
10-15  years 
2  years 
4-5  years 
6-12  months 
(1-2  years  in  design 


and  experimenta- 

Fashion  ..  ..  tion  alone) 

••  Several  weeks 

_  defense  projects  where  development  and  design  are  rather  lengthy  because  of 
the  complexity  of  the  problems  involved,  some  designs  may  become  “obsolete” 
even  before  them  production  has  begun,  as  new  models  are  being  hammered  out 
on  the  drawmg  boards  and  in  the  testing  laboratories. 


Product  Analysis 

Many  factors  have  to  be  analyzed  in  connection  with  development  and  desivn 
factors  varying  m  character  and  complexity,  factors  affihated  with  different 
1  foVow?  industrial  engineering.  Some  of  these  may  be  grouped 


1.  Marketing  aspect 

2.  Product  characteristics 

(i)  Functional  aspect 

(ii)  Operational  aspect 

(ni)  Hurabmty  and  dependability  aspects 
(iv)  Aesthetic  aspect 

3.  Economic  analysis 

(i)  The  profit  consideration 

of  standardization,  simplification,  and  specialization 

(m)  ihe  break-even  analysis 

4.  Production  aspect 


AU  these  factors  are  interrelated  and  each  presents  many  issues  that  have  to 
be  carefully  considered,  as  indicated  by  Fig.  5-1.  Market  research  may  guide 
produrt  engineers  m  their  work  to  improve  existing  products  or  to  develop  new 
.S'  ^f/^®7Sn_and  its  characteristics  have  to  undergo  an  economic  analysis 
and  must  be  studied  in  the  light  of  available  production  facilities  and  techniqis 
IS  naturally  dependent  on  the  sales  volume;  hence  the  sug- 
gra  ed  design  has  to  be  re-evaluated  by  market  research  so  that  a  sales  forecast 
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can  be  worked  out.  TMs  expected  sales  volume  provides  the  basis  for  a  further 
study  from  the  production  methods  aspect^  and  the  econo^mic  analysis  has  to  be 
rechecked  and  perhaps  modified.  Thus  product  development  and  design  is  an 


excellent  example  of  interdependence  of  a  multitude  of  factors  that  have  to  he 
reconciled  and  integrated  into  a  final  composition. 

Marketing  aspect 

First  it  is  necessary  to  establish  that  the  proposed  product  will  satisfy  a  demand 
in  the  market,  that  what  it  is  supposed  to  do  and  the  services  it  can  offer  are 
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both  desirable  and  acceptable.  If  no  consumption  is  envisaged,  there  is  no  point 
in  proceeding  with  product  design. 

The  demand  for  the  product  in  the  market  may  already  exist,  and  its  volume 
can  then  be  assessed  by  consumer  research  and  sales  figures  for  identical  or 
sunilar  commodities.  Demand  can  also  be  created  with  the  introduction  of  a 
new  product,  either  by  filling  in  a  gap  in  the  market  or  by  offering  new  properties, 
such  as  novelty,  appearance,  or  some  other  specific  merits  (see  examples  in 
Figs.  5-2, 5-3).  The  volume  of  such  a  demand  is  more  difficult  to  forecast.  Market 
research  is  a  useful  tool  in  these  cases,  but  experience  and  sound  judgment 
are  required  to  evaluate  and  apply  the  results  of  such  research,  and  in  some 


lightweight  sandwich  for  aircraft  construction  (Courtesy 

Hawker  Siddeley  Group,  Britain) 
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cases  a  eertain  amount  of  speculation  is  inevitable.  We  shall  discuss  some 
problems  coimected  with  market  research  in  the  next  chapter. 

The  volume  of  demand  is  a  function  of  a  multitude  of  factors,  some  of  which, 
are  closely  related  to  local  conditions  and  are  sometimes  difficult  to  define  or 
measure.  It  is  therefore  essential  for  an  enterprise  to  keep  in  touch  vdth  the 
market  and  "‘feel”  its  trends,  espeeialiy  when  this  market  is  remote  and  different 
in  character  from  the  local  one.  This  is  of  particular  importance  to  firms  depend¬ 
ing  on  export  markets  for  the  distribution  of  their  products. 

If  we  analyze,  for  example,  the  case  of  an  American  manufacturer  of  auto¬ 
mobiles,  we  shall  find  that  the  percentage  of  output  destined  for  export  is  rather 
small,  and  design  policy  would  therefore  be  mainly  dictated  by  American  tastes 
and  preferences.  A  British  manufacturer,  however,  who  sells  a  substantial 
proportion  of  automobiles  oufeide  Great  Britain,  b:as  to  watch  carefully  the 
trends  in  export  markets  in  oixier  to  try  and  amalgamate  the  requirements  and 
tast^  of  the  various  foreign  and  home  markets  in  an  acceptable  design. 

Another  pertinent  question  related  to  product  design  is :  Should  the  customer 
get  what  he  wants  or  should  he  be  offered  what  he  is  suppos€>d  to  want?  Basically 
this  is  an  economic  question.  If  management  wants  to  achieve  maximum  satis¬ 
faction  and  sets  itself  as  a  target  to  supply  the  customer  with  what  he  wants,  it 
may  be  faced  with  the  possibility  of  having  to  produce  an  infinite  variety  of 
models  to  suit  every  taste.  On  the  other  hand,  were  management  to  ignore  the 
customer  s  wishes  or  to  maintain  that  he  does  not  really  know  what  he  wants 
and  should  therefore  be  told  what  is  good  for  him,  the  designer’s  task  would 
become  far  simpier,  but  the  sales  department  would  have  to  face  an  unpredictable 
market- 

In  practice,  prcxiuct  design  is  a  result  of  some  sort  of  compromise  betw-een 
infinite  variety  on  one  hand  and  the  designer’s  concept  of  the  ideal  design  on  the 
other.  In  order  to  try  selling  this  compromise  to  potential  customers,  manage¬ 
ment  r^rts  to  an  advertising  campaign  the  policy  of  which  is  dependent  on  the 
characteristi^cs  of  the  compromised  design”  and  on  how  far  it  conforms  to,  or 
diffem  from,  the  expressed  desires  of  the  market  to  which  such  -a  campaign  is 
directed.  Generally,  the  main  objective  of  advertising  is  to  expand  the  market, 
this  being  achieved  by: 

Providing  general  information  atout  the  existence  of  the  product. 

Providing  technical  information  about  its  functional  characteristics  or  utili¬ 
tarian  purposES- 

Drawing  the  custoiner’s  attention  to  those  attributes  of  the  product  which  he 
wants. 

Winning  undecided  customers  by  exhibiting  po^ible  attractions  (such  as  color, 
design,  novelty,  and  price)  that  may  persuade  him  to  prefer  the  product  to 
one  offered  by  competitors. 

Craatmg  demand  among  a  pa^ive  population  of  customers. 

Educating  the  customer,  or  telling  him  what  he  should  want. 
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Figure  5-3.  Examples  of  neie  products  affecting  approach  to  design, 

mitfTo/Xrfo''’’*."*  ***"'^'®  illustrate  ihe  functional  requirt 

ments  of  size.  (Courtesy  llullard  Ltd.,  London) 

(bj  De-icing  of  Jet  engine  air  intake,  and 

(ej  Sout^  level  meter  (Doice  Instruments),  illustrate  use  of  printed  circuit 
(Courtesy  Technograph  Printed  Circuits  Ltd.,  London) 
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Apart  from  tbese  direct  techniques,  management  may  ha¥e  some  additional 
aims,  such  as  increasing  the  prestige  of  the  firm  as  a  whole,  banking  on  the 
popularity  of  one  product  to  strengthen  or  introduce  another  or  to  publicize  one 
aspect  of  the  firm’s  activity  for  the  purpo>se  of  raising  money  or  deviating  atten¬ 
tion  from  other  activities,  and  so  on.  Once  the  design  features  of  a  product  have 
been  ascertained,  appropriate  advertising  methods  can  be  selected. 

Hie  product  characteristics 
Fiiitcflofial  aspect 

When  the  marketing  possibilities  have  been  explored,  the  functional  scope  of 
the  product  has  to  he  carefoEy  analyzed  and  properly  defined.  The  definition  of 
the  objective  itself  rarely  tells  us  very  much  about  the  functional  scope  envisaged. 
A  washing  machine,  for  example,  has  a  clearly  defined  objective:  to  wash  cloth¬ 
ing,  This  does  not  state,  however,  how  the  washing  should  be  carried  out,  whether 
the  machine  should  be  capable  of  heating  the  winter  prior  to  'washing,  'v^^hether 
rinsing  or  drying,  or  both,  are  to  be  done  by  the  machine,  and  if  so  by  what 
method,  and  what  should  the  proportion  be  between  automatic  functioning  and 
manual  supervision.  A  functional  analysis  of  this  kind  obviously  affects  the 
design  of  the  machine,  its  complexity,  its  appearance,  and  its  price. 

Sometimes  functional  aspects  are  detachable,  and  usage  can  be  left  to  the 
customer’s  decision.  A  steam  iron  is  a  case  in  pomt.  The  additional  function  of 
dampening  the  cloth  when  required,  prior  to  or  during  ironing,  is  incorporated 
in  the  steam  iron,  the  main  duty  of  which  is  to  iron  the  cloth.  The  customer  can 
decide  whether  and  when  to  exploit  this  characteristic  of  the  apparatus. 

Hiere  is  a  trend  to  offer  functional  versatility  of  the  product,  thereby  in- 
crmsing  the  range  of  applications  and  sometim^es  combining  several  tools  in  one. 
A  food  mixer,  for  example,  allows  for  a  large  number  of  attachments  to  be  added 
for  a  variety  of  duties.  Basically  the  miser  housing  contains  a  power  unit  and  a 
speed  r^ulator,  but  it  has  to  be  designed  so  as  to  serve  ail  the  attachments,  and 
the  customer  has  to  decide  and  define  for  himself  the  functional  scope  to  be 
compatible  'with  his  needs,  his  taste,  and  Ms  pocket.  Household  power-'fcool  sete 
are  designed  on  very  much  the  same  principie:  The  hand  drill  is  the  ba^ic  unit, 
and  -with  attachments  it  can  become  a  table  drill,  a  lathe,  a  polisher,  a  hedge 
cutter,  etc.  Versatility  of  production  machinery  may  quite  often  result  in  sub¬ 
stantial  sa-rings  in  floor  space  and  capital  expenditure,  and  this  may  become  one 
of  the  fundamental  factors  affecting  design  poMcy .  Another  example  of  versatility 
in  d^ign  is  shown  in  Mg.  5-4. 

Opemtimtai  mpeei 

After  determining  the  functional  aspect,  the  operational  aspect  has  then  to  be 
considered,  l^ot  only  must  the  prcxiuct  function  properly,  it  must  be  easy  'to 
handle  and  simple  to  operate.  Sometimes  it  has  to  be  ada.ptable  -fco  various 
operational  conditions,  and  very  often  it  is  subjected  'to  varying  degrees  of  skill 
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of  potential  operators.  The  designer’s  problem  becomes  all  the  more  critical  with 
the  trend  for  increased  versatility  because  this  characteristic  implies  using  basic 
attachments  as  elements  for  building  suitable  combinations  for  specific  purposes. 
This  requires  a  certain  amount  of  operator  intelligence  and  skill,  which  increases 
wth  the  complexity  of  the  machine.  The  scarcity  of  skilJ  is  a  prohibitive  limita¬ 
tion  in  this  respect  on  the  product  designer. 


I 


Figure  5-4.  Desk  combinations  (simplification  of 
design).  Variefi/  achieved  through  stawidardiza- 
tion:  icifh  a  limited  nuwnberof  components  (one 
piece  table  top  trithout  joined  comers  or  seams, 
legs  made  of  seamless  steel  tubes,  and  inter¬ 
changeable  dratcers)  the  desigwier  managed  to 
offer  36  passible  covnbinations  while  eschibiting 
a  pleasant  stgle  and  f  unctional  simplicity, 
CCourtesy  IST.  V.  Wed.  JF.  Ahrend  &  Zoon— N.  V.  “  Oda  ’’ 
Staalwerk — Amsterdam,  Holland. 

Designer:  Friso  Kramer,  1958) 
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^  The  “get  ready”  stage  before  the  operation  proper  and  the  “put  away”  time 
(including  cleaning)  should  be  carefully  analyzed  with  respect  to  the  expected 
SKill  of  the  operator.  Too  often  one  finds  ingenious  gadgets  (for  example,  in  the 
Md  of  household  equipment)  that  are  capable  of  performing  an  operation  in  a 
fraction  of  the  time  normally  required  but  which  involve  such  complicated 
preparations  or  such  lengthy  cleaning  and  “put  away”  subsequent  operations, 
that  the  ratio  of  net  machine  time  to  over-all  machine  time  becomes  absurdly 
smaU.  The  beneficial  features  attributed  to  the  gadget  in  such  eases  are  rather 
questionable. 

Versatility  of  equipment  should  also  be  analyzed  in  this  light.  Especially 
when  subsequent  operations  are  to  be  carried  out  with  the  aid  of  diflferent  attach¬ 
ments,  the  designer  should  always  bear  in  mind  the  time  required  for  an  operator 
to  perform  the  changeover  and  should  make  certain  that  this  time  is  in  reasonable 

proportion  to  the  operation  time. 
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BurabiUiy  and  dependability 

These  are  two  factors  closely  related  to  the  selection  of  materials  and  class  of 
workmanship  and  hence  to  the  design  of  the  product  and  the  economical  analysis 
of  its  cost.  Quality  is  not  always  a  simple  characteristie  to  define,  but  durability 
and  dependability  are  two  factors  that  often  determine  quality  and  have  to  be 
carefiily  considered  by  the  designer.  Durability  is  defined  mainly  by  the  length 
of  the  active  life,  or  endurance,  of  the  product  under  given  w'orking  conditions, 
but  a  measure  of  the  product  capability  to  idle  or  withstand  storage  is  also  often 
considered  in  assessing  durability.  Durability  need  not  always  be  associated  with 
selection  of  good  materials.  The  actual  w^orking  life  of  a  match  or  a  rocket  motor 
may  be  rather  limited,  but  that  does  not  mean  that  materials  for  these  articles 
may  be  of  low  quality.  An  additional  criterion,  therefore,  has  to  be  considered, 
that  of  dependability,  or  the  capability  of  the  product  to  function  when  called 
upon  to  do  its  Job.  Returning  to  our  matches,  dependability  may  be  related  to 
the  nuinber  of  duds  in  a  bos,  and  while  the  manufacturer  is  eager  to  reduce  this 
niiniber  to  a  miiiimiiiia.  he  need  not  choose  the  very  best  raw  materials  to  ensure 
that  not  even  one  match  will  fail.  Dependability  of  rocket  motors,  how^ever,  may 
be  more  rigi'dJy  defined,  and  first  class  materials  are  chosen  in  spite  of  the  short 
active  life  that  is  envisaged  for  them  in  some  applications. 

Another  aspect  of  durability  is  that  of  maintenance  and  repair.  The  amount  of 
repair  and  preventative  maintenance  required  for  some  products  is  closely 
related  to  quality  and  design  policy.  This  is  of  particular  importance  when  the 
equipment  is  supposed  to  operate  continuously  and  when  any  repair  involves  a 
loss  of  nmning  time. 

Problems  of  eonvenienee  and  aceessibdity  in  operating  the  equipment  have 
already  been  discussed,  and  the  same  remarks  are  valid  for  maintenance  and 
repair.  Easy  accessibility  is  a  fundamental  principle  in  a  sound  design,  and 
thorough  knowledge  on  the  part  of  the  operational  durability,  dependability, 
and  maintenance  requirements  of  the  product  are  absolutely  essential  to  ensure 
a  wel-balanced  design  within  the  policy  outlined  by  higher  management. 

Aesthetic  aspect 

In  what  way  does  the  appearance  of  a  product  affect  its  design?  In  most  cases 
where  the  ftmctional  scope,  durability,  and  dependability  have  already  been 
defined,  the  aesthetics  are  mainly  concerned  with  molding  the  final  shape  around 
the  basic  skeleton.  This  molding  of  shape  may  very  often  be  severely  Kmited  in 
scope,  and  what  finally  emerges  is  sometimes  termed  a  ■‘functional  shape.”  The 
■new  that  functaonal  shape  is  necessarily  divorced  from  aesthetics,  especially 
where  engmeering  structures  or  equipment  are  concerned,  is  well  exemplified 
by  bridges,  locomotives,  or  machines  of  the  late  nineteenth  or  early  twentieth 
century  (see.  for  example,  Fig.  5-5).  However,  a  study  of  the  gradual  changes  in 
shape  of  these  objects  in  the  past  few  decades  would  convince  us  that  there  has 
been  an  increasing  recognition  of  the  role  of  aesthetics  in  design.  This  is  perhaps 
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partly  due  to  man’s  aesthetic  taste  being  reconciled  to  accepting  these  objects 
as  an  integral  part  of  the  landscape  or  everyday  life,  thereby  leading  to  a  modifi¬ 
cation  of  the  original  attitude  that  these  ^‘'monstrosities”  are  hopelessly  ugly 
and  should  be  left  alone. 

Functional  shape  is  a  concept  in  its  ovm  right  among  designers.  Those  who 
believe  ha  functional  shape  argue  that  compatibility  of  function  with  shape  is 
logical  and  should  therefore  be  accentuated  and  exploited,  rather  than  covered 
up.  A  standard  lamp  is  first  and  foremost  a  lamp  and  not  a  flying  saucer,  and 
there  is  nothing  wrong  with  its  looking  like  a  lamp.  This  approach  is  referred  to 
in  Fig.  5-1,  where  the  aesthetic  aspects  are  dealt  vdth  at  the  design  stage,  after 
al  the  other  aspects  of  the  proposed  product  have  been  analyzed. 

In  some  cases,  however,  molding  of  shape  may  have  financial  implications; 
for  instance,  when  special  materials  have  to  be  used  or  added  to  those  basically 
required  from  the  functional  pomt  of  view  or  when  additional  processes  are 
involved.  Such  cases  will  call  for  a  careful  cost  analysis  of  the  aesthetic  aspects. 

In  extreme  cases,  aesthetics  are  the  governing  factor  in  design  and  completely 
dommate  it.  This  is  especially  true  for  many  consumer  goods,  such  as  automo¬ 
biles  and  household  equipment,  or  fashion  goods.  The  fimctional  scope,  though 
more  or  less  defined  and  accepted,  may  also  be  widened  to  accentuate  the  novelty 
of  the  new  model.  But  the  idea  of  the  new  design  starts  with  the  concept  of  its 
shape,  from  which  the  idea  evolves  and  grows.  The  technical  considerations  have 
to  be  somehow*  fitted  in  at  a  later  stage,  this  being  in  complete  contrast  to  the 
conventional  sequence  shown  in  Fig.  5-1. 

When  styling  is  a  dominant  factor  in  product  design,  it  is  often-  used  as  a 
means  to  create  demand.  Changes  in  fashion  and  taste,  evolution  of  form,  and 
the  introduction  of  new  ideas  quickly  outdate  previous  designs.  If  the  market  is 
psychologically  receptive  and  eager  to  discard  former  designs  in  favor  of  new^ 
ones,  styling  becomes  a  race  against  time,  a  race  that  determines  the  salability 
of  the  product. 

Many  tools  can  be  utilized  by  the  designer  to  bring  out  aesthetic  charac¬ 
teristics.  Some  of  these  are: 

L  Use  of  special  materials,  either  for  the  parts  of  the  housing  or  as  additional 
decorations.  Notable  is  the  use  of  ebromium  strips,  plastics,  wood,  glass,  and 
fabrics  for  the  purpose. 

2.  Use  of  color,  either  natural  color  of  the  material  concerned  or  by  use  of 
pamts,  plating,  spraying,  or  even  lighting.  Composition  and  contrast  of  colors 
is  of  great  importance  to  the  industrial  designer  in  facilitating  convenient  opera¬ 
tion  and  attractive  appearance. 

3.  Texture  supplements  color,  either  by  appropriate  treatment  of  the  given 
surfaces  or  coatings.  Surface  finish  and  requirements  of  brightness  as  determined 
by  styling  may  in  turn  affect  the  production  processes  in  the  finishing  stages. 

4.  Shape  denoted  by  outer  contours  and  similarity  to  familiar  objects.  Shape 
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can  be  exploited  to  accentuate  particular  features,  to  create  a  sense  of  spacious¬ 
ness  or  illusions  of  size,  richness,  and  dependability. 

5.  Line  is  used  to  break  the  form,  also  for  the  purpose  of  emphasizing  parts  of 
it,  or  to  give  a  sense  of  continuity,  graciousness,  and  stability. 

6.  Scaling  the  product,  either  to  a  blownup  size  or  to  a  small  size  (modeling). 
This  creates  novelty  and  a  sense  of  completeness.  The  success  of  styling  of  some 
popular  small  automobiles  in  Europe  may  be  partly  due  to  the  designer’s  talent 
in  creating  a  feeling  of  still  having  the  full-size  version,  with  all  its  features. 

7.  Paekagmg,  especially  for  small  items.  Novelty  and  attractiveness  of 
packa^g  IS  often  transferred  in  the  mind  of  the  customer,  attributing  perhaps 
nonexistent  values  to  the  contents.  In  extreme  cases  packaging  may  assume  an 

appreciable  portion  of  the  total  production  costs  and  become  the  center  of  the 
design  project. 


Aesthetic  molding,  especially  when  governed  by  the  selection  of  material, 
color,  texture,  and  sometimes  even  hne,  has  great  economic  advantages,  since 
great  variety  can  be  achieved  at  a  comparatively  low  cost.  The  basic  product 
remams  the  same,  and  variety  is  obtained  by  fiidshing  processes  alone.  Henry 
Ford  s  maxim  that  the  customer  may  choose  any  color  he  likes,  provided  it  is 
black,  IS  no  longer  valid.  Modern  production  control  techniques  allow  for  a  vast 
number  of  combinations  of  colors  and  textures  to  be  offered  with  little  difficulty. 

Aesthetics  have  been  fully  recognized  as  an  integral  part  of  design,  and  no 
designer  worth  his  mettle  can  afford  to  ignore  their  implications,  their  tools,  and 
their  benefits. 

Econoniic  analysis 

As  shown  in  Fig.  5-1 ,  an  economic  analysis  is  the  key  to  management  decision 
in  product  design  policy.  Having  obtained  sufficient  information  about  custo¬ 
mers  requirements  and  market  potentialities  on  the  one  hand  and  a  detaied 
study  about  the  functional,  operational,  and  quality  aspects  of  the  proposed 
product  on  the  other,  the  economic  analysis  can  proceed  by  seeking  an  answer 
to  the  following  questions: 

What  capital  expenditure  is  required  for  manufacturing  the  new  product? 

What  total  production  costs  per  piece  are  emdsaged? 

What  is  the  reasonable  margin  of  profit  that  can  be  expected? 

Ho  the  price  ( =  total  costs  -|-  profit)  and  the  feature  of  the  product  render  it 
competitive  in  the  market? 

In  what  numbers  is  the  product  expected  to  be  sold? 

Here,  again,  the  interdependence  of  variables  should  be  strongly  emphasized. 
Hot  one  ;single  question  in  this  list  can  be  isolated  and  solved  independentlY  of 
the  others.  The  economic  analysis  is  in  fact  a  cyclic  and  repetitive  procedure. 
Each  question  is  weighted  in  the  light  of  the  answer  and  the  data  provided  by 
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the  previous  question,  and  all  the  answers  are  checked  when  their  turn  comes 
again  to  be  re-evalnated  in  the  foHo'p^ing  cycles,  until  a  state  of  equilibrium  is 
reached  and  no  further  modifications  to  these  answers  are  required. 

Profit  and  competitireness 

The  measure  of  competitiveness  of  the  product  corresponds  to  the  portion  of 
the  market  it  succeeds  in  capturing.  Tins  is  largely  dependent  on  the  value  the 
customer  is  prepared,  to  put  on  the  product,  and  on  the  ratio  of  this  value  to  the 
price.  As  customer  assessment  of  value  is  not  uni,versally  uniform  but  subject  to 
preference  of  features,  performance,  or  taste,  ratios  of  values  to  prices  vary^  with 
customer.  A  state  of  equilibrium  is  formed  in  which  the  market  is  divided 
between  different  preferences.  This  equilibrium  may  change:  If  the  ratio  of  value 
to  price  of  the  product  becomes  more  favorable,  when  compared  with  other 
products,  the  product  increases  its  portion  of  the  market  and  becomes  more 
competitive. 

Such  an  equilibrium  is  shown  in  Fig.  5-6,  where  the  total  costs  include  setup, 
materials,  overheads,  storage,  and  distribution.  The  total  profit  is  determined 
by  the  margm  of  profit  per  unit  and  by  the  sales  volume.  If  the  organization 
seeks  to  increase  its  profit,  it  can  try  one  of  the  foHowing  methods  (Fig.  5~6) : 

(a)  Increase  the  margin  of  profit  per  unit,  hence  the  sales  price,  bnt  leave  the 
total  production  to  costs  unchanged.  If  such  a  wurse  would  not  affect  the  sales 
volume,  the  total  profit  would  be  proportional  to  the  increase  in  the  margin  of 
profit  per  unit.  Such  an  increase,  however,  can  upset  the  market  equilibrium 
unfavorably,  in  that  both  the  ratio  of  customers'  value  of  the  product  to  its 
price  will  deteriorate  and  the  products  of  competitors  vull  become  more  attrac¬ 
tive.  The  market  may  shrink,  and  the  total  profit,  far  from  attaining  the  expected 
value,  may  in  extreme  cases  fall  below  its  original  level. 

(b)  Leave  the  total  costs  unchanged,  but  try  to  improve  the  ratio  of  value  to 
price  and  thus  widen  the  market.  This  can  he  done  (1)  by  producing  a  better  or 
more  attractive  product  at  the  same  cost,  (2)  by  launching  an  intense  advertising 
cam|»lgn  in  onier  to  boost  the  customer's  assessment  of  the  product  value,  or 
(3)  hj  reducing  the  sales  price  at  the  expense  of  the  margin  of  profit  per  unit,  in 
the  hope  that  the  market  vill  expand  enough  to  increase  total  profit.  Too  mar¬ 
ginal  a  profit  per  unit  is,  however,  undesirable,  as  it  allows  little  protection  from 
possible  fluctuations  in  the  market,  and  even  slight  instahilities  may  turn  a 
small  profit  into  a  sizeable  loss. 

(c)  Peduce  the  fatal  production  costs  and  pass  some  of  the  benefit  to  cnstomers 
in  the  form  of  reduced  sales  prices.  If  both  the  profit  per  piece  and  the  size  of  the 
market  increase,  a  substantial  improvement  in  total  profits  will  be  achieved. 
This  couise  calls  for  a  continuous  search  after  better  methods,  better  processes, 
better  materials  and  their  utilization,  and  better  management  to  rednce  over¬ 
heads.  There  are,  however,  some  limitations  to  the  rate  of  improvement  one  can 
attain,  such  as  basic  labor  and  material  costs  and  limited  resources  or  credit 
hampering  expenditure  on  new  equipment  and  machines.  Minirmim  require¬ 
ments  of  quality  should  also  be  studied  and  met,  as  a  reduction  in  price  at  the 
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(a)  Increase  the  sales  price  by 
increasing  the  profit  per  unit. 

Limitations:  (i)  competition. 

(ii)  customer’s 
willingness  to 
pay. 

Danger:  shrinkage  of 

market  leading  to 
possible  decline 
in  total  profit. 


(b)  Increase  the  market 

by  reducing  the  profit  per  unit,  etc., 
by  advertising. 

Limitation :  competition. 

Danger;  too  low  a  margin 

of  profit  per  unit 
should  be 
avoided  due  to 
possible 
instabilities  in 
the  market. 
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(c|  Reduce  total  costs 

and  pass  some  benefits  to  customers 
by  reducing  sales  price. 

Limitations:  (i)  expenditure  on 
new  equipment. 

(ii)  basic  labor  and 
materials  costs. 

(iii)  minimmn 
requirements 
of  quality. 


Figure  5—6.  Methoiis  for  increasing  totat  profitm 

(a I  increase  the  sales  price  (b)  increase  the  market  (c)  reduce  total  costs 
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expense  of  quality  is  easy  enough;  customer's  assessment  of  the  product  value, 
however,  deteriorates  aeeordingly.  But  reducing  production  costs  and  thereby 
expanding  the  market,  while  sustaining  accepted  quality  standards,  offers  a 
challenge  to  the  production  engineer.  Probably  the  most  characteristic  feature  of 
this  process  is  that  it  is  both  dynamic  and  continuous,  that  each  success  is  a 
further  advance  along  the  spiral  of  increasing  productivity  and  standard  of 
living  (see  Pig.  5-7). 


Figure  5-7.  Spiral  of  increasing  producfimig  and  standard 
of  liring.  (Courtesy  the  British  Prcniiictwity  Council,  Report  on 
Metalworking  Machine  Tools,  1953) 


The  three  S*s 

The  three  S"s  refer  to  standardization,  simplification,  and  specialization — 
three  related  subjects  that  are  at  the  root  of  any  e'oono^mic  analysis  of  product 
design.  The  three  S’s  can  be  defined  as  follows:^ 

Staiidardizatiwi  is  the  process  of  defining  and  applying  the  ** conditions’* 
necessary  to  ensure  that  a  given  range  of  requirements  can  normally  be  met  with 
a  miniminn  of  variety  and  in  a  reproducible  and  economic  manner  on  the  basis 
of  the  b^  current  technique, 

^  The^  definitions  are  quoted  from  the  Lemon  Committee  on  the  Standardization  of 
EnginTOring  Products.  {H.M.S,0.,  1949). 
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Simplification  is  the  process  of  reducing  the  number  of  t3rpes  of  products 
within  a  definite  range. 

SpecmUzaiion  is  the  process  whereby  particular  firms  concentrate  on  the 
manufacture  of  a  limited  number  of  products  or  tjrpes  of  products. 

The  three  processes  are  usually  linked  together  and  develop  as  a  logical 
sequence.  From  a  wide  range  of  requirements  it  is  first  necessary  to  sort  out  the 
essential  features,  define  them,  and  then  work  out  in  a  scientific  manner  the 
minimum  variety  required  to  meet  these  essentials.  This  is  a  process  of  standar¬ 
dization,  and  it  is  mainly  an  engineering  process.  Within  a  given  range,  whether 
cover^  by  standards  or  not,  a  process  of  simplification  can  be  carried  out  with 
the  view  of  reducing  the  variety  of  products  or  materials  that  are  produced  or 
purchased.  This  is  both  an  economic  and  an  engineering  process,  and  specializa¬ 
tion  is  one  of  its  natural  outcomes. 

Standardization 

Standardization  covers  a  wide  field  of  activity,  which  may  be  described  by  the 
following  main  categories: 


Physical  dimensions  and  tolerances  of  components  within  a  defined  range 
Rating  of  machines  or  equipment  (in  units  of  energy,  temperature,  current, 
speed,  etc.) 

Specification  of  physical  and  chemical  properties  of  materials 
Methods  of  testing  characteristics  or  performance 

Methods  of  installation  to  comply  with  minimum  precautionary  measures  and 
convenience  of  use 

The  fij^t  three  categories  relate  to  limitation  of  the  number  of  sizes  or  grades 
and  some  aspects  of  quality,  one  of  the  important  aims  being  interchangeability 
of  components  or  assemblies.  Adherence  to  standards  of  raw  materials  is  one  of 
the  fundamentals  of  product  design,  since  any  deviation  fi'om  the  standards  in 
thfe  respect  may  cause  a  substantial  increase  in  the  cost  of  materials.  Industry  is 
rich  with  examples  in  which  designers  specify  ^'special”  materials  whereas  the 
standard  grades  can  do  just  as  well. 

Standardization  and  interchangeability  impo-se  certain  limitations  on  the 
designer  and  demand  higher  skill  and  effort  in  planning.  It  is  easy  enough  when 
designing  a  new  component  to  decide  that  no  standard  really  meets  the  special 
requiremenis  of  the  case  in  hand  and  that  a  special  part  has  to  be  specific. 
What  designers  seem  to  forget  is  that  one  of  the  purposes  of  standards  is  to 
provide  solutions  to  relieve  them  of  the  task  of  having  to  solve  afresh  some  basic 
problems,  and  thereby  allow  them  more  time  to  concentrate  on  the  broader 
aspects  of  the  design. 

Another  prerequisite  of  interchangeability  is  the  precision  required  of  the 
manufacturing  process  in  order  to  obtain  production  within  the  specified 
tolerances.  This  implies  that  production  control  hs^  to  be  tightened  so  that  any 
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deviations  from  the  given  standards  will  be  immediately  noticed  and  appro¬ 
priate  action  can  be  taken  to  avoid  the  process  getting  out  of  control. 

Standardization  haSj  however,  many  advantages,  some  of  wkich  may  be 
briefly  listed  below: 

Reduction  of  material  ivaste  and  obsolescence 

Concentration  of  effort  in  manufacturing;  hence,  simplification  and  specializa¬ 
tion 

Reduction  in  inventories,  both  of  material,  semifinished,  and  finished  products 

Reduction  in  bookkeeping  and  other  paper  work 

Lowering  the  grades  of  skill  required  in  manufacture  and  assembly 

Reduction  in  price;  hence  expansion  of  the  market 

Reduction  of  repair  and  maintenance  costs 


Preferred  Numbers 

According  to  the  American  Standards  Association^,  “preferred  numbers”  are 
defined  as  “series  of  numbers  selected  to  be  used  for  standardization  purposes  in 
preference  to  other  numbers.  Their  use  will  lead  to  simplified  practice  and  they 
should,  therefore,  be  employed  whenever  possible  for  individual  standard  sizes 
and  ratings,  or  for  a  series  thereof,”  in  applications  relating  to:  important  or 
characteristic  linear  dimensions  (such  as  diameters  and  lengths)  or  specifications 
of  areas,  volumes,  iveights,  and  capacities;  ratings  of  machinery  and  apparatns. 

The  problem  of  selecting  preferred  numbers  was  first  tackled  by  Renard  in 
1870,  and  therefore  the  series  is  sometimes  referred  to  as  the  Renard  series. 
Renard  was  an  officer  in  the  French  Army  and  was  faced  with  the  problem  that 
425  different  sizes  of  cables  w^ere  in  use  in  his  unit.  He  recognized  that  the  process 
of  standardization  consisted  of  two  problems:  to  define  the  number  of  sizes 
required  in  a  given  range,  i.e.,  the  number  of  terms  in  the  series;  and  to  determine 
the  method  by  means  of  which  these  sizes  should  he  preferred  to  others. 

Renard  suggested  the  use  of  a  geometrical  progression  as  a  guide^for  selection, 
and  this  system  has  indeed  been  adopted  in  standardization  to  cover  the  given 
ranges  satisfactorily. 

Suppose  a  manufacturer  w^ants  to  produce  containers  having  between  10  and 
100  gallons  capacity.  In  selecting  the  type  of  series  he  can  choose: 

a  5-series,  i.e.,  covering  the  range  of  10  to  100  in  5  steps 
or  a  10-series,  i.e.,  covering  the  range  of  10  to  100  in  10  steps 
or  a  20-series,  i.e.,  covering  the  range  of  10  to  100  in  20  steps 
or  a  40-series,  i.e,,  covering  the  range  of  10  to  100  in  40  steps 

The  need  for  more  terms  in  a  series  (having  smaller  steps  than  those  obtained  in 
the  4G-series)  is  very  rare  in  practice,  but  when  such  a  need  arises,  it  is  possible 
to  use  the  80-series. 


®  ASA  Standard  Z17.1 — 195S,  American  Standards  Association. 
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If  the  said  manufacturer  decides  to  adopt  the  5-series,  his  capacity  ratings 
according  to  the  geometric  progression  series  will  be: 


First  size 
Second  size 
size 

Fourth  size 
Fifth  size 
Sixth  size 


10  (given) 

10  X  g 
10  X 
10  X 
10  X  q* 

10  X  =  100  (given) 


5  steps 


Hence, 


=  10 


or 


q  =  ^10  =  1.585 


The  calcxilated  sizes  would  be 


First  size 
Second,  size 
Third  size 
Fourth  size 
Fifth  size 
Sixth  size 


10.00 

i.e.,  select 

10 

15.85 

i.e.,  select 

16 

25.12 

i.e.,  select 

25 

39.82 

i.e.,  select 

40 

63,11 

i.e.,  select 

63 

100.00 

i.e.,  select  100 

5  steps 


Similarly,  the  step  size  of  the  other  series  can  be  determined  for  the 


5 -series 
10-serles 
20-serles 
40-series 


q  =  -CdO  ==  1.5849 
q  =  10  =.  1.2589 

q  =  %*/io  =.  1.1220 
q  =  10  =  1.0593 


or  a  step  increase  by  about  60 
or  a  step  increase  by  about  25 
or  a  step  increase  by  about  12°^ 
or  a  step  increase  by  about  6 


The  basic  preferred  numbers  for  all  these  series,  as  suggested  by  the  Inter¬ 
national  System,  are  shown  in  Table  5-1.  where  the  given  rounded  numbers  do 
not  depart  from  the  theoretical  calculations  by  more  than  1.3  per  cent.  The 
5-series  is  given  in  column  A.  To  obtain  the  10-series,  column  E  should  be 
added;  hence  the  series  would  read:  10,  12.5,  16,  20,  25,  etc.  Similarly,  for  the 
20-seiies  read:  10,  11.2,  12.5,  14,  16,  etc. 


Table  5-1 


J^asic  Preferred  Xunibers 

(10  to  100) 

Coiumm  A  B  C  D  E  F  G  S 


10 

10.6 

11.2 

11.8 

12.5 

13.2 

14 

15 

16 

17 

IS 

19 

20 

21-2 

22.4 

23.6 

25 

26.5 

28 

30 

31.5 

33.5 

35.5 

37,5 

40 

42.5 

45 

47.5 

50 

53 

56 

60 

63 

67 

71 

75 

SO 

85 

90 

95 

100 

5  series  (60^4  steps),  column  .4 
10  ^ries  (25®;^  steps),  columns  .4,  E 
20  series  (12%  steps),  columns  4,  O,  F,  G 
40  series  (  steps),  columns  4,  B,  G,  I>,  E,  F,  G,  H 
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SimpUfimtim, 

SimpMcation  is  a  constant  source  of  disagreement  between  the  sales  depart¬ 
ment  and  tbe  production  personnel.  A  production  engineer  prefers  little  variety, 
miniTTmm  setups,  and  long  runs  (Fig.  5-8).  SimpEfication  enables  the  production 
department  to  improve  planning,  achieve  higher  rates  of  production  and  machine 


ii 

.  i  .  1  ,  .  L  J .  J .. 

A  "  B  '*  < 

(a)  Producfion  of  Variety 

lillllB 

ESI 

L _ _ 

Preparation 
and  setup 


Production 


A  '  B  C  A 


(b)  R«jucfion  of  Variety 

Figure  5-8.  Effect  of  variety  on  scheduling, 

utilization,  and  simplify  control  procedures.  The  salesman,  on  the  other  hand, 
strives  to  satisfy  the  customer  by  giving  him  a  choice  or  by  offering  him  the 
neaimt  to  what  he  wants.  The  pro's  and  con's  of  simplification  are  given  in  the 


accomiaiiying  listing. 

Pro  Simjiificatmn 

R^uce  inventories  of  materials  and 
finished  products 

Reduce  investment  in  plant  and  equip¬ 
ment 

Save  storage  space 

Simplify  planning  and  production 
methods 

Simplify  inspection  and  control 

Reduce  required  technical  personnel 

Reduce  sales  price  (through  production 
simplification  and  reduction  of  distri- 
bution  costs);  hence  expand  the 
market  and  the  plant 

Shorten  or  eliminate  order  queues 


Pro  VartMg 

Satisfy  a  wide  range  of  demand 
Enable  better  contact  with  the  market 
to  study  its  tastes  and  requirements 
Avoid  losing  orders  for  more  salable 
products  because  the  customer  directs 
all  his  orders  to  other  vendors 
Create  demand 


The  last  point  in  favor  of  variety  d^^rves,  perhaps,  some  further  clarification. 
Some  sal^  p^ple  claini  that  variety  encourages  consumption  and  that,  es¬ 
pecially  where  consumer  goods  are  concerned,  the  psychological  effect  of  plenty 
create  demand.  Furthermore,  market  research  by  some  firms  seems  to  suggest 
that  in  some  cases  similar  products  tend  to  capture  roughly  the  same  portion  of 
a  given  market.  The  prospects  of  increasing  total  demand  on  the  one  hand  and 
the  firm  s  |K}rtion  of  the  market  on  the  other,  may  have  been  the  main  causes  for 
boosting  variety  to  the  extent  found  nowadays  in  industry.  From  the  customer's 
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point  of  view  this  is  a  very  unsatisfactory  state  of  affairs.  A  flood  of  variety 
confuses  the  customer,  who  ceases  in  many  cases  to  appreciate,  the  fine  differences 
between  similar  products  and  has  either  to  make  a  haphazard  choice  or  to  invest 
effort,  time,  and  study  (and  quite  often  money)  to  enable  him  to  make  an 
intelligent  choice. 

This  is  undesirable  for  the  firm  as  well.  Apart  from  missing  all  the  advantages 
Isted  above  when  simplification  is  applied,  an  analysis  of  the  market  sometimes 
shows  that  variety  has  long  passed  the  saturation  point  and  that  an  increase  in 
variety  will  not  be  even  noticed  in  the  market.  Also,  the  division  of  the  market 
between  too  large  a  number  of  products  makes  each  portion  so  small  that  prices 
have  to  be  kept  at  high  levels  to  avoid  losses.  This  problem  is  further  discussed 
in  the  next  chapter. 


,  ^  variety  exists,  a  sales  analysis  can  be  made  to  establish  the 

^  a  ty  of  the  products.  When  the  accumulative  sales  income  is  plotted  against 

e  of  products  offered  for  sale,  it  is  very  often  revealed  that  a  compara- 

^ely  smaU  number  of  products  contributes  very  little  in  this  respect  (Fig.  5-9). 

ins  is  sometnnes  referred  to  in  industry  as  the  “25%  to  75%”  relationship 
^ause  m  many  cases  it  was  found  that  26  per  cent  of  the  products  brought  in 
-0  i^r  cent  of  the  income,  although  in  some  extreme  cases  studies  revealed  as 
small  as  10  to  90  per  cent  relationships.  This  leads  to  unnecessary  drain  of  the 
^  s  efforts,  which  should  be  directed  to  promoting  the  more  profitable  products. 
A  more  desirable  situation  is  when  responsibility  for  income  is  more  evenly 
■  ®  products  (i.e.,  when  the  curve  is  “flat”  as  is  the  lower  one 

m  tig.  5-9),  which  is  achieved  through  reduction  of  variety. 

Tie  break-ev^  analifsis 

ae  effect  of  quantity  on  the  profit  contribution  of  the  product  is  iUustrated 
m  tig.  5-10,  where  the  sales  income  is  represented  by  the  straight  line  bQ,  in 
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which.  Q  is  the  quantity  sold  and  b  is  the  income  per  unit.  The  costs  to  the  firm 
consist  of: 

Fixed  costs  which  are  independent  of  the  quantity  produced  and  include 
executive  salaries,  depreciation  of  plant  and  equipment,  etc. 

Variable  costs  aQ^  where  a  represents  the  constant  total  costs  per  unit,  including 
materials,  labor,  and  other  direct  costs  that  vary  with  the  plant  activity. 
The  variable  costs  are  sho'^m  in  Fig.  5-10  by  the  straight  line  aQ. 


Q|  ©2 

Plaol  Activity  (Quantity)  Figure  5-10.  .4  break-even  chart. 


The  division  into  fixed  and  variable  costs  represents  only  an  approximate 
interpretation  of  the  total  costs  function  and  may  not  be  valid  for  a  very  wide 
range  of  Q  {this  problem  is  further  discussed  in  Chapter  20). 

The  total  costs  are  given  by  the  summation  of  fixed  and  variable  costs 
{F  —  aQ),  and  the  point  of  intersection  of  this  line  with  that  of  sales  income  is 
the  break-even  point  (BEP)  coiresponclmg  to  a  sales  volume  Q^.  Activity  below 
results  in  a  loss;  activity  above  gives  profit.  At  the  point  of  intersection, 

F  -f-  aQj_  ~  bQi 

hence  ^  F  _ 


If  a  plant  is  operating  at  point  it  is  working  with  a  margin  of  safety  (denoted 

by  A),  which  can  be  defined  as  folio w^s: 

A  -  =  I'  -  1  (5-2a) 

and  it  can  be  shown  that 

'  A  =  -  (5-2b) 

-■  _F 

where  Z  is  the  profit  of  the  plant.  The  desirable  level  of  the  plant  activity  can 
be  expressed  in  terms  of  the  safety^  margin  or  the  profit  as 
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The  margin  of  safety  is  a  measure  of  healthiness  at  the  point  of  operation.  When 
the  margin  is  too  small  (i.e.,  when  the  product  is  manufactured  near  the  break¬ 
even  point),  the  plant  is  prone  to  market  fluctuations. 


Month 

Jan. 

Feb. 

March 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

I>ee. 

Total 

(annual) 

Monthly 

average 


Quantity 

Table  5-2 

Sales  Data 

Sales  Income 

(units  sold) 

X  103  (S) 

409 

40.9 

505 

50.5 

612 

61.2 

751 

75.1 

786 

78.6 

802 

80.2 

791 

79.1 

808 

80.8 

701 

70.1 

626 

62.6 

430 

43.0 

710 

71.0 

Net  Profit 

Total  Cost 

X  103  {$) 

X  103  ($) 

-  4.5 

45.4 

-  1.5 

52.0 

4-  4.0 

57.2 

4-  9.5 

65.6 

4-  9.0 

69.6 

4-12.0 

68.2 

4-12.5 

66.6 

4-12.0 

68.8 

-f-  7.5 

62.6 

4-  5.0 

57.6 

~  3.0 

46.0 

4-  7.4 

63.6 

7,931  793.1  4-69.9  723.2 

66.1  4-  5.83  60.3 


Example 

An  analysis  of  annual  sales  is  given  in  Table  5-2.  The  sales  income  and  the 
total  costs  are  plotted  against  quantity  in  Pig.  5-11,  from  which  the  fixed  costs 
$_ 1,000  per  month  are  obtained.  The  BEP  (break-even  point)  occurs  at 


0  100  200  300  400  500  600  700  800  Figure  5-11.  .t  monthly  break-etyen 

Quantify,  Number  Sold  eharf  (See  Table  5-2) 
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=  52©  units,  so  that  during  three  months  the  plant  was  working  below  this 
point.  To  ind  the  ooefficients  a,  b: 

_  (average  total  costs)  —  (fixed  costs)  (60.3  —  21.0)10^ 


b  = 


average  quantity 
average  sales  income  66.1 


X  10'^ 


average  quantity 
The  mai^in  of  safety  is 

Q2  Qi 

^ ^ 


661 


661 


=  100  dollar/unit 


59.5  dollar/unit 


100: 


661  -  520 
520 


100  =  27.1% 


The  abscise  may  be  marked  either  in  quantity  or  in  sales  income  (in  w^hich  case 
the  income  line  has  a  slO'pe  of  45°,  if  ordinates  have  the  same  scale).  The 
coefficients  a,  b  were  calculated  for  a  quantity  diagram,  but  if  plant  activity  is 
measured  in  sales  income,  then 

(average  total  costs)  —  (fixed  costs) 
average  sales  income 
(60J  -  21.0)10® 


11  X  10® 
(slope  45®) 


0.60  doUar/doUar 


Sales  Inconie,  XlO^  Dollars 

2.a»  4.cx»  6,tm 

Quanlityj  N-uiri'ber  Sold 


a£X» 


Figure  5-12.  An  annual  breah-even 
chart. 


The  break-even  chart  may  be  either  on  a  monthly  (Fig.  5-11).  or  yearly 
(Fig.  5-12)  basis.  A  low  BEP  is  highly  d^irabie  because  it  increases  the  safety 
margin  of  the  product.  From  Eq.  5-1  it  is  obvious  that  the  BEP  can  be  lowered 
by  three  methods  (see  al.K>  Pig.  5-13)  as  follows: 

Reduce  the  fixed  costs  from  F  to  F\  thus  lowering  the  BEP  to 

w 

Q'l  —  Qiy 
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Reduce  the  variable  costs  coeflScient  a  to  a';  hence 


Q'l  —  Qi 


b  - 
b  - 


a 

a 


Increase  the  slope  of  the  income  line  from  6  to  6',  the  new  BEP  being 


Q'  X  —  Qi 


h  a 


Figmre  5—13.  f&r  iiie  bTemk-mmm  pmMt* 
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A  similar  diagram  to  tlie  break-even  chart,  called ‘the  profit-volume  chart  is 
shO'Vn  in  Fig.  5~14,  where  the  fixed  costs  are  marked  as  a  negative  quantity  on 
the  ordinate.  The  BEP  is  given  by  the  intersection  of  the  income  line  with  the 
abscissa.  Operation  below  the  abscissa  incurs  a  loss;  operation  above  it,  a  profit. 


Figure  5-14.  i4ii  annual  praftt-wohmte  chart. 


The  profitability  of  the  product  is  indicated  by  the  slope  of  the  income  line, 
the  PjV  (Profit- Yolume)  ratio  and  denoted  by  q>: 


fixed  rosts 
volume  at  BEP 


(profit)  +  (fixed  costs) 
volume 


=  h  —  a 


and  the  profit 


As  in  the  break-even  charts,  volume  or  activity  can  be  measured  either  in  sales 
income  or  in  quantity.  In  the  example  cited  above, 


or 


=  0.40  doflar/dohar 
625  X  ^ 

252  y  10® 

- . —  =  40.3  doUar/unit 


A  muUiprodmd  profit-vdume  chart 

In  a  multiproduct  activity  the  profit-volume  chart  can  be  constructed  as 
shown  in  Fig.  5-15,  where  three  products  A,  and  C  are  considered.  First  the 
fixed  costs  of  A  are  marked  downward  on  the  ordinate.  For  the  quantity  product 
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Profit  for  product  C 

Profit  for  product  B  _  ,  r  ^  / 

_  ,  ^  N Break-even  tor  / 

Break-even  for  A  -v  Xjd] 

Loss  for  \  Break-even  for  B  /  Total  profit 

product 


Plant  activity 

^ / kc  Break -even  for 


Fixed  costs 


m 


15,000  20,000  25,0CK)  30,000  35,030 

Soles  Income,  Dollar 


Equivalent  Quantity,  Units 


Figure  5-15.  A  muttiprodmct  proftt-wo^Mme  chart. 


Profit  for  C  ^ 
Break-even  for 


j- Total  profit 


Plant  activity 


I  A  rianr  aci 

Fixed  costs  for  CiJ 

]  A  /  ^Break-even  for 

the  |Aml 

X 

jXX  /  1  Profit  for  B 


I  /  yX  ^  Break -even  for  B 
Fixed  costs  4  |  /* 
for  B  y'J 

X  Brea'k-even  for  A 

^Loss  for  A 


Figure  5-16.  A  niultiproducf  profif-valume  chart. 
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of -4,  a  lo®  (also  marked  negatiYcly)  occurs;  hence  the  P/F  ratio  for  A  is  estab¬ 
lished.  The  diagram  is  now  related  for  the  other  products,  and  for  each  the 
BEP  can  be  found.  The  accnmnlated  profit  of  the  plant  is  given  by  the  ordinate 
of  the  fill, ft!  point  on  the  broken  P/F  line  and  an  equivalent  P/F  line,  which  is 
determined  by  the  total  profit  and  total  fixed  costs. 

Another  form  of  a  mnltiprodiict  chart  is  given  in  Fig.  5—16,  where  the  total 
fixed  costs  are  mark^i  prior  to  drawing  the  broken  P/F  line.  In  this  chart,  too, 
the  individual  and  the  equivalent  BEP*s  can  be  found,  hut  it  also  provides  a 
ready  visual  comparison  between  the  P/F  ratios.  In  Fig.  5-16,  the  P/F  for  A 
and  B  are  better  {i.e.,  steeper)  than  the  eqnivalent  P/  F,  whereas  the  one  for  A  is 
comparatively  lower.  This  would  indicate  that,  in  order  to  increase  the  safety 
mai^in  of  the  plant,  management  should: 

1.  Increase  the  P/F  ratio  of  product  A  and  thus  improve  the  equivalent  P/F 
ratio  and  lower  the  equivalent  BEP; 

.2.  Brefer  pixxiucts  B,  C  by  expanding  production  of  these  products  either 
absolutely  or  even  at  the  expense  of  product  A,  if  this  is  possible. 

From  the  break-even  analysis  we  may  conclude  that  an  increase  in  production 
acytivity  is  always  desirable  (when  b  >  a%  since  the  profit  becomes  constantly 
lai^er  when  the  mai^in  of  safety  is  increased.  There  are,  however,  two  restric¬ 
tions  on  such  an  expansion,  namely:  the  limited  capacity  of  the  market  to 
absorb  and  the  limited  capacity  of  the  plant  to  produce.  The  main  issue  involved 
is  the  alocation  of  the  limited  facilities  of  the  plant  to  the  various  products 
within  specified  r^trictions.  The  problem  may  perhaps  be  best  Olustrated  when 
two  pKxiucts  are  considered.  Sup|K»e  a  plant  produces  Qa  units  of  one  product 

and  Qb  of  another,  so  that  >-1 

Ma  +  Qb  =  Q 

where  Q  is  the  total  available  plant  capacity.  How  should  this  capacity  be 
aHoeated  to  maxhnize  profit? 

In  a  two-dimensional  coordinate  system  (Fig.  5-17)  the  condition  Qa  +  Qb 
=  ^  m  repre^nted  by  the  line  1—2,  which  is  the  locus  of  all  points  of  maximum 
activity.  Any  jwint  inmde  the  triangle  0-1-2  corr^ponds  to  operation  below 
maximiim  capacity,  a  point  on  the  ordinate  0-1  implies  production  of  product 
A  alone  (the  maximum  |K:^bIe  volume  being  Q  at  point  1),  a  point  on  the 
a'tecissa-  0-2  refers  to  production  of  product  B  alone  (the  possible  maximum 
being  at  point  2).  The  profit  function  at  point  1  as  we  move  along  1-2  is 

Qa=Q;  Qb  =  0 

The  profit  when  only  product  A  is  produced  (using  Eq.  5-5)  is 

—  W j_ 

When  one  unit  of  product  Bis  produced: 

Qa==Q~1; 

Qb  =  I  (point  3) 

Z^  =  —  l|  -|-  +  9B  —  <?a  —  Bb 
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Almost  in  every  situation 

9B  —  9^  <  ‘  -  Z^<  Z-^ 


At  imint  2: 

hence  Z^  =  9b^  —  Fb* 


Qb  —  Q 


Where  only  one  unit  of  A  is  produced: 


Qa  =  1;  Qb==Q  ~l  (point  4) 
z^  =  Z^  +  —  9B  —  Fa  <  (usually) 


^2 


And  at  any  point  between  3  and  4: 

Z  —  ^aQa  +  9bQb  ~~  (Fa  +  Fb) 

=  9aQ  +  (9s  “  9a)Qb  —  (Fa  +  Fb) 


TMs  Is  a  linear  function  of  Qb,  as  shown  in  Fig.  5—17.  The  above  analysis  is  based 
on  the  a^umption  that  the  total  fixed  coste  are  apportioned  to  Fa  a»nd  Fb  aud 
that  when  one  product  is  eliminated  from  the  program,  ite  fixed  costs  are  elimi- 
iiat«i  too.  Usually,  in  practice,  this  is  not  so,  and  residual  fix«i  cmts  of  the 
eliminated  product  have  to  be  borne  by  the  remaining  products,  in  which  case 
the  values  of  Z-^  and  Z^  are  somewhat  lower  than  compute  above. 


Fignre  5-17.  Profit  funetiom  wciih 
iwoo  products  -4  und  M  when  totml 
ptefti  copmdtp  is  limited. 


It  is  apparent  from  Kg.  5—17  that  the  best  solution  is  a  comer  point  (this  is 
further  discussed  in  Chapter  12) ;  therefore  if  management  can  afford  to  eliminafr 
products,  it  should  do  so.  By  computing  Z^  and  Z^  and  finding  which  is  larger, 
it  is  .ample  to  ascertain  which  product  should  preferred.  This  anal3?isis  should 
indicate  why  simplification  and  specialization  are  m  beneficial. 

Another  interesting  fact  illustra-ted  in  Fig.  5—17  is  that  pmduct  A  on  its  own, 
though  less  profitable  than  product  B,  is  still  better  for  the  oiganization  than 
mme  combinations  of  Al  and  B.  In  fact  throughout  the  whole  range  of  1-5  no 


88 


Prodmtion  Pkmnm^  oMd  Control 


such  comhination  yields  a  profit  as  high  as  -4  does  when  produced  alone.  The 
conditaLon  of  point  5  is  gi¥en  by 

^5  =  ^1 

9aQ  +  (9B  -  9a}Qb5  ~  (Pa  +  Pjs)  =  9aQ  —  Fa 
or 


—  9a 

As  already  pointed  out,  elimination  of  products  and  specialization  are  not 
always  po^^ible.  It  may  be  that  a  certain  amount  of  product  A  has  to  be  pro¬ 
duced  (for  instance^  because  their  supply  may  be  conditional  to  marketing 
product  so  that  ^^4  ^  Qaq  (point  6,  Mg.  5—17),  or  that  the  maximum  quantity 
of  product  B  that  can  be  sold  is  restricted,  i.e.,  Qb  <  Qbt  (point  7).  The  range 
6—/  provides  the  flexibility  that  may  be  allowed  within  these  restrictions,  but 
from  the  above  analysis  the  decision  rule  that  emerges  can  be  simply  statk  as 
foflo^i^: 

1.  When  the  mnge  6-7  fals  between  1  and  5,  eliminate  product  B  and  eon- 
(»ntrate  on  A. 

2.  Wlien  the  range  6-7  does  not  fal  between  1  and  5,  select  the  extreme  point 
6  on  this  range  for  maxiinum  profit  under  the  stat^i  conditions  (i.e.,  produce  .as 
little  of  A  as  possible). 

When  «  products  are  manufactur«i,  the  total  profit  is 

2  f iC.-  -  2  F, 

M  i=l 

and  the  problem  is  to  find  the  quantities  that  would  weld  maximum  profit, 
where  9,-  ^  0  and  ^  0.  The  total  plant  capacity  is  restricted,  so  that 

E  Qi  <  Q 

i=l 

but  the  quantity  for  each  product  must  be  above  a  certain  value  specified  by  the 
sai^es  department  and  endorsed  by  man.agement  policy;  hence 

Qi  ^  Ai  ^  0 

Where  no  nmnmum  quantity  has  to  he  met,  A  =  0.  This  is  a  linear  pro^gramiog 
problem,  the  profit  function  Z  being  a  sum  of  linear  terms.  It  is  not  proposed  tO' 
relate  m  detafl  here  the  procedures  by  means  of  which  an  optimal  solution  may 
be^^ught,  and  the  reader  is  advised  to  consult  treatises  on  linear  pix)gianiing  for 
this  purpc®e.  If  it  ^  assumed  that  the  fixed  costs  per  product  disappear  wheu 

®  See  ato  Chapter  12. 


Product  Development  and  Design  89 

the  product  is  deleted  from  the  schedule,  we  must  add  another  condition; 
namely, 

=  o  if  e,  =  o 

which  implies  that  the  profit  function  is  discontinuous  at  the  so-called  corner 
points  (a  corner  point  is  one  where  a  variable  =  0).  One  of  the  theorems  in 
linear  programing  states  that  an  optimal  solution  is  obtained  at  a  corner  point, 
and  this  would  suggest  that  a  simplification  program  based  on  elimination  of 
products  is  worth  while  (provided  the  plant  capacity  can  still  be  fully  employed 
on  the  product  retained  in  the  production  schedule). 

One  additional  remark  about  the  construction  of  a  multiproduct  chart:  as 
income  per  unit  is  probably  different  for  different  products,  plant  activity  (the 
abscissa)  should  be  given  in  sales  income  in  order  to  preserve  the  same  scale. 
If  measurement  of  activity  in  quantities  is  desirable,  equivalent  rather  than 
absolute  quantities  have  to  be  used;  the  criterion  of  equivalency  may  he  deter- 
mmed  by  ratios  of  incomes  per  units,  as  shown  by  the  accompanying  table, 
which  refers  to  the  example  shown  in  Fig.  5-15. 


PnxhtM 

Sales 

Income 

($) 

Quantity 

Sales 

Incomej 

U  nii 

Equivalent  Q-uant^p 
(take  product  A  as 
a  basis) 

A 

8,000 

20 

400 

20 

B 

13,000 

100 

130 

130 

100  X  77:^  =  32.5 
400^ 

G 

11,000 

40 

275 

275 

40  X  —  =  27.5 
400 

Total 

32,000 

80 

The  alternative  scales  for  plant  activity  are  shown  in  Fig.  5-15. 

Special  attention  should  be  paid  to  the  units  of  the  abscissa,  especially  when 
the  break-even  study  is  governed  by  restrictions  on  the  plant  total  capacity. 
When  this  capacity  is  limited,  the  allocation  of  facilities  to  the  most  promising 
products  becomes  the  crucial  problem  of  the  analysis,  and  tins  study  should  be 
carri^i  out  in  terms  of  the  total  available  capacity.  Suppose  we  had  a  plant 
producing  (at  full  capacity)  four  products: 


Product 

Qimfiiitq  (annual) 

A 

2,CM}0  units 

B 

4,000  units 

C 

5,000  units 

D 

6,CM}0  units 

If  we  know  that  in  production  capacity  one  unit  of  product  .4  is  equivalent  to 
two  units  of  product  one-half  unit  of  product  O,  but  only  two-fiftbs  of  product 
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D,  tlie  over-aU  activity  can  be  calcnlatel  in  terms  of  any  one  of  these  products, 
as  sho^wn  in  the  accompanying  table. 


Prwftirf  Qmn&’S 
A  2.010^ 

B  4,CX» 

C  5.CMM} 

B  6,CM» 

Total 


Equivalent  Quantity  expressed  in  units  of: 


Fmdmd  A  Produdt  £ 

X  fmettMT  units  x  factor  units 

1  2,000  2  4,000 

I  2,(M}0  1  4,000 

2  10,OCX}  4  20,000 

2|  15,(K}0  5  30,000 

29,CMB  58,000 


Product  C  Product  X> 

X  factor  units  x  factor  units 

J  1,000  I  800 

i  1,000  i  800 

1  5,000  I  4,000 

li  7,500  1  6,000 

14,500  11,600 


Any  product  analysis  in  terms  of  the  quantities  as  originally  stated  may  be 
gro^y  misleading  and  a  common  denominator  in  the  form  of  equivalent  units 
is  necessary.  The  total  capacity  is  clearly  defined  in  the  table  as  29,000  units  of 
product  A,  or  58,000  umts  of  product  B,  etc.  This  common  scale,  with  the  aid  of 
the  ^ven  conversion  ratic®,  enables  us  to  investigate  the  effects  on  the  plant 
pc^tion  by  the  expansion  of  one  product  at  the  expense  of  another. 

Li  conjunction  with  multiproduet  P/F  charts,  analysis  of  sales  by  products 
(Fig.  5-9)  md  analysis  of  profit  by  products  should  be  carried  out.  The  example 
given  in  Fig.  6— 18  is  clearly  one  that  calls  for  action  to  reduce  variety.  The  low 
total  profit  suggests  that  the  plant  is  operating  very  near  the  BEP.  It  would 
also  seem  that  products  2, 5.  and  6  are  the  main  causes  for  the  low  level  of  total 
profite.  A  Fi  r  chart  will  show  how  far  these  products  are  below  their  respective 
BEP’s,  and  if  neither  their  volumes  nor  their  P/F  ratios  can  be  substantiaUy 
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increased,  management  should  seriously  consider  whether  the  elimination  of 
these  products  from  its  schedule  would  be  worth  while.  Furthermore,  about  half 
the  number  of  products  have  very  low  sales  incomes  and  profits  (some  of  them 
even  incur  losses),  and  their  inclusion  in  the  production  program  should  be 
questioned. 

The  Economics  of  a  new  design 

When  the  launching  of  a  new  design  or  model  is  contemplated,  a  careful 
analysis  of  the  economics  of  the  proposed  project  has  to  be  xmdertaken.  The 
purpose  of  introducing  a  new  model  to  the  market  may  be  twofold: 

1.  To  increase  the  profit  of  the  organization, 

2.  To  avoid  decline  in  sales  of  an  existing  model  due  to  severe  competition. 
Such  a  situation  calls  for  incorporating  novelty  and  new  features  in  the  com- 
pany's  products;  even  when  no  immediate  increase  in  the  profit  is  envisaged,  it 
is  aimed  to  achieve  such  an  increase  on  a  long-term  basis. 

The  profit  of  an  existing  product  is  computed,  using  Eq.  5-5,  as 

=  9iQi  -  F  (5~5a) 

where  is  the  number  of  pieces  sold.  If  a  new  design  is  to  be  put  into  production, 

preparation  costs  incurred  will  include: 

Design  and  engineering 
Production  planning 

Tooling,  jigs,  and  fixtures;  resetting  of  machines,  etc. 

Purchase  of  special  machines  or  equipment 
Changes  m  layout 

These  preparation  and  “changeover’ '  costs  (symbolized  as  s)  will  have  to  be 
returned  by  the  new  design,  so  that  the  new  profit  should  be 

F  —s  (5-6) 

It  has  been  assumed  here  that  the  fixed  costs  are  mainly  dependent  on  the 
existing  machinery  of  the  organization  and  are  therefore  not  likely  to  change 
very  much.  It  is  desirable  that  the  new  profit  will  be  larger  than,  or  at  least  equal 
to,  the  existing  one  or 

tence  ^2  ~  “  9i«i  -  ^  ^  0 

This  condition  teUs  us  how  many  units  of  the  new  design  ought  to  be  sold  in 
order  to  ensure  that  total  profit  does  not  decline: 
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Zi  +  Fj 


D 


or 


(5-7) 
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where  B  stands  for  the  ratio 

^  PjV  ratio  of  old  design 

ip2  PjV  ratio  of  new  design 

It  is  clear  that  unless  the  PI  V  ratio  of  the  product  can  be  greatly  improved,  the 
organization  wil  have  to  sell  more  in  order  to  justify  the  capital  investment 
required  for  the  introduction  of  the  new  design.  If,  for  example,  the  PjV  ratio 
of  the  new  design  remains  at  the  same  level  as  that  of  the  old  one, 

D=  1 


hence 

or 


^2  ^  ^ 


This  fact,  is  IHustratei  in  the  profit-volume  chart  shown  in  Fig.  5-19. 
line  ®  represents  the  existing  product,  yielding  profit  when  units  are  sold. 


F%iim  .5-1  §.  ^ect  of  P /F  rmiio  o»  the  required  market  size  of  a  nete  design. 

Fora  new  design,  the  preparation  costs  are  added  to  the  fixed  costs  P,  If  the 
PiJ  ratio  is  unciiang^i  (line  ®),  it  is  necessary  to  sell  nnits  to  obtain  the 
^me  profit.  From  the  similarity  of  triangles  it  is  easy  to  see  that  in  this  case 

^  ~l~  F 

which  is  what  we  obtain  from  Eq.  5-7  when  D  =  1.  If  an  increase  in  the  market 
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IS  not  envisaged,  the  P/F  ratio  must  be  increased  (line  (3)).  It  is  possible  to 
achieve  the  original  profit  at  if  the  P/F  ratio  is  steep  enough  (line  (2)). 

However,  even  when  the  number  of  pieces  sold  is  to  remain  unchanged  {Q^  =  $  ), 
it  is  necessary  to  have  a  higher  P/  V  ratio  than  the  existing  one  (line  (D),  while 

a  decrease  m  the  P/F  ratio  will  increase  appreciably  the  required  sales  volume 
(line  ®). 

Example 

The  annual  fixed  costs  of  a  product  are  known  to  be  $200,000  and  the  annual 
net  profit  $40,000,  the  average  monthly  sale  being  820  units.  A  new  design  is 
contemplated,  involving  an  expenditure  for  preparations  amounting  to  $80,000, 
to  be  returned  in  two  years.  It  is  expected  that  with  new  production  methods  the 
P/F  ratio  may  be  increased  by  5  per  cent.  What  should  the  annual  sales  figure 
for  the  new  design  be 

(i)  so  that  the  same  net  profit  will  be  realized; 

(ii)  so  that  in  addition  to  this  profit  a  yield  of  10  per  cent  on  the  capital 
mvested  -Rill  be  obtained? 

Solution 

(i)  The  ratio  D  =  1.00/1.05  =  0.95.  The  additional  expenditure  per  year 
s  =  80,000/2  =  $40,000.  ^ 


1 


40,000 

40,000  +  200,000 


0.95  =  1.11 


Annual  sales  required: 

>  l.ll^li 


1.11  X  12  X  820  =  10,820  units 


(n)  In  the  first  year  10  per  cent  of  the  investment  (i.e.,  $8,000)  has  to  be 
added  to  the  profit,  or  =  $48,000.  The  following  expression  for  can  be 
obtained  by  use  of  Eqs.  5-5a  and  5-6. 

^‘>  5  “F  Zit  -h  P  „ 


Hence 


40,000  -j-  48,000  +  200,000 
40,000  +  200,000 


0.95  =  1.14 


Q2  ^  1.14  X  12  X  820  =  11,220  units 


Similarly,  in  the  second  year, 

Z^  =  40,000  +  4,000  =  $44,000 

and  gg  _  40,000  +  44,000  +  200,000  q 

Qi  40,000  +  200,000 

or  Qi  >  1.12  X  12  X  820  =  11,020  units 
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Tlte  case  where  the  same  profit  should  be  realized  by  an  unchanged  volume  of 
sales  deserves  special  attention.  It  is  often  very  difficult  to  forecast,  let  alone 
asceriaiii,  an  increased  market  for  a  new  design,  and  considerations  of  “change¬ 
over”  have  to  be  based  on  the  assumption  that  the  sales  volume  will  remain 
constant,  i.e.,  9i  =  As  already  mentioned,  this  will  require  an  improvement 
in  the  Pj  V  ratio,  which  can  be  quantitatively  determined  by 


(‘ 


1 


This  relation  is  shown  in  Fig.  5-20.  Any  point  on  the  curve  refers  to  a  resultant 
profit  equal  to  the  existing  one,  while  for  any  point  below"  the  curve,  an  increased 
profit  is  implied. 


Z|  =  Z2  Redoced  profit 
Z2<Z| 


0^2  0^4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  20  improccment 

s  '  Pf  the  P/F  ratio  when  Qi  =  to  yield 

z, -f  F  a  profit  Z2>Zi, 

Eammple 

Id.  the  preceding  example,  determine  the  required  PjV  ratio  for  the  new 
design  in  order  to  yield  at  least  $40,000  annual  profit,  assuming  the  market  size 

remains  unchanged. 


Zi  +  F 


=  0.17 


eorrraponding  to  (see  ilg.  5-20) 


At  present 


.  -D  =  ^<0.85 

92 

_F  +  Zj_ 

Qr 

_  200,000  +  40,000 
820  X  12 


=  $24.4  unit 

Hie  required  s  for  the  new  design  is 


9s  —  ^  =  =  28.6  dollars/unit 
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l*todiicMoii  aspect 

lAst  blit  not  least  in  the  list  of  factors  influencing  design  is  the  production 
aspect.  The  product  need  not  only  be  well  planned  on  the  drawing  board,  but  its 
design  must  also  be  capable  of  being  eventually  translated  into  palpable  fact. 
The  designer  must  therefore  face  a  multitude  of  practical  production  problems. 

Design  for  production”  has  become  a  motto  among  designers.  The  following 
three  aspects  of  production  engineering  have  to  be  weighed: 

1.  Selection  of  processes  that  will  be  the  most  suitable  and  economical  for  the 
purpose.  Such  a  selection  will  have  to  consider: 

(i)  The  production  quantities  involved.  Some  processes  are  very  expensive 
to  operate  unless  used  for  a  suitable  production  run. 

(ii)  Utilization  of  existing  equipment.  Such  considerations  may  override 
acquiation  of  equipment  for  an  ideally  more  suitable  process. 

(ni)  Selection  of  jigs  and  fixtures  and  other  production  aids,  the  use  of 
which  may  affect  the  design  of  components. 

(iv)  Sequence  of  operations  and  methods  for  subassembling  and  assembling. 

(v)  Limitation  of  skill.  The  selection  of  a  process  must  be  compatible  with 
avadabk  skiU  and  sometimes  may  be  solely  governed  by  it.  Mechanized  and 
pushbutton  eqmpment  is  particularly  suitable  to  nonsldlled  or  semiskilled 
operators,  but  it  is  usuafiy  expensive  to  instaU  and  must  be  justified  by  long 


(vi)  Application  of  new  production  processes.  The  designer  has  to  consider 
not  only  conventional  techniques  but  also  the  latest  developments  and  research 
mto  newer  production  methods. 


2.  Utilization  of  materials  and  components  with  the  view  of: 

(i)  Selection  of  materials  having  appropriate  specifications 
^l^hon  of  method  or  design  to  reduce  waste  and  scrap 
(m)  Using  standard  components  and  assemblies 

prodS  mterchangeabihty  of  components  and  assemblies  within  the 


workmanship  and  tolerances  that  satisfy  quality 

SJTf’  compatible  with  the  precisiL  an! 

quality  that  can  be  attained  through  the  available  processes.  SpLfication  of 

quality  may  also  affect  tbe  selection  of  processes. 

toti^  Fraction  aspects  are  analyzed  in  more  detail  in  Chapter  8  and  have 

must  ™  production  planning  stage.  Their  implications 

^  howev^,  be  understood  by  the  designer  right  fi:om  the  outset.  Being  an 
expert  on  production  processes  and  methods  is  perhaps  beyond  the  expected 
normM  ca^city  of  the  designer,  since  the  field  is  so  wide  thit  specIlizSnIn 
Its  various  aspects  is  essential.  Design  and  production  must  therefore  be 

engineers  have  to  be  brought  in  at  the  design  stage  to 
contribute  their  part  to  the  solution  of  the  problems  that  arise  from  time  to  tLe 
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Sometimes  a  project  engineer  is  assigned  the  Job  of  accompanying  the  product 
froin  the  deYeiopment  stage  to  the  production  stage,  in  order  to  ensure  continuity 
from  one  stage  to  the  other  and  the  integration  of  expert  opinion  at  the  right 
moment. 

Summary 

Product  development  and  design  is  primarily  governed  by  management 
decisions  with  respect  to  quality  and  pricing  policy.  A  development  program 
and  a  market  survey  can  provide  information  as  to  market  potentialities  as  well 
as  functional,  operational,  dependability,  and  durability  requirements  and 
possibilities.  Selection  of  the  functional  scope  and  application  of  standardization, 
simplification,  and  specialization  principles  are  closely  related  to  plant  efficiency 
and  to  its  net  profit  and  must  therefore  be  an  integral  part  of  management  policy. 
The  economics  of  a  proposed  new  product  or  new  model  have  to  be  analyzed  in 
order  to  establish  the  market  size  that  would  Justify  production.  Aesthetic 
eonsiieratio'iis  come  normally  at  an  advanced  stage,  but  may  sometimes  be  a 
dominant  factor  in  design,  especially  with  consumer  goods.  Finally,  product 
development  and  design  must  be  carried  out  vith  close  liaison  with  the  produc¬ 
tion  departments,  in  order  to  ensure  that  the  right  materials  and  processes  are 
utilized  and  that  their  implications  are  considered  at  a  fairly  early  stage. 
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Problems 

1.  From  your  own  experience  discuss  examples  where  functional  or  operational 

features  were  the  main  cause  for  purchasing  or  discarding  certain  products. 

2.  A  product  involves  $6,000  per  annum  as  fixed  costs  and  yields  $3,500  profit.  The 

sales  income  is  $16,000.  Draw  a  profit -volume  chart  and  find  the  profit -volume 

I  PA'' I  ratio. 

3.  A  plant  manufactures  products  A,  B,  and  C  at  the  annual  rate  of  8,000,  6,0W, 

and  4,000  pieces,  respectively.  Product  A  gives  a  P/V  (profit-volume)  ratio  of 
$1.75  per  unit,  but  a  loss  of  $8,000  is  meurred.  Product  B  has  $32,000  fix^wi 
costs  and  has  the  same  P/F  (profit -volume)  ratio  as  the  whole  plant.  For  pro¬ 
duct  C  the  fixed  costs  are  $44,000.  The  net  profit  of  the  plant  is  $15,000. 

Draw  a  profit -volume  chart  as  a  function  of  plant  output  capacity  when 
it  is  known  that  in  terms  of  plant  capacity  1  unit  of  A  =  1.2  unit  of 
B  =  0.5  unit  of  C, 

(ii)  It  was  suggested  that  the  volume  of  product  A  should  be  increased  to 
the  break-even  point  to  avoid  a  loss.  Tliis  increase  can  be  done  at  the 
expense  of  the  volume  for  product  B,  while  the  volume  of  C  remains 
unchanged.  Find  the  net  profit  resulting  from  such  a  move. 
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(ill)  Management  policy  demands  a  minimum  aimiial  volume  of  3,000 
pieces  of  each  product.  What  production  plan  would  you  recommend 
with  the  present  available  capacity  and  what  net  profit  would  you 
expect? 

4.  A  plant  has  a  monthly  sales  income  capacity  of  $96,000  and  is  producing  two 

products,  the  data  of  which  is  as  follows: 

Product  A  Product  B 

Fixed  costs,  F  $16,000  $34,000 

Break-even  point  $43,000  $35,000 

+  S  8,000  -  $  3,000 

In  view  of  the  high  fixed  costs  and  the  loss  incurred  by  product  B,  it  w^as 
suggested  to  management  that  product  B  should  be  eliminated  and  production 
should  be  concentrated  on  product  A.  Analyze  the  situation  and  comment  on 
this  suggestion. 

5.  A  plant  was  found  to  produce  25  products  according  to  the  following  table: 


Product 

Sales  Income 
(S) 

1 

308,000 

2 

209,000 

3 

83,000 

4 

74,000 

5 

41,000 

6 

35,000 

7 

21,000 

8 

13,000 

9 

11,000 

10 

6,000 

11 

5,000 

12 

t>,000^ 

13 

4,000 

14 

2A00 

15 

1,800 

16 

1,700 

17 

1,600 

18 

1,000 

19 

1,000 

20 

1,000 

21 

800 

22 

800 

23 

800 

24 

800 

25 

800 

ProJit 

Fixed  Costs 

m 

($} 

32,800 

62,000 

15,200 

41,000 

-  8,200 

19,000 

5,200 

16,000 

8,200 

8,000 

7,800 

7,000 

-  4,000 

4,000 

-  1,500 

2,600 

-  1,100 

2,200 

500 

1,200 

400 

1,0W 

400 

1,000 

200 

800 

300 

600 

300 

5m 

-  500 

500 

-  4I» 

500 

200 

500 

200 

500 

KM) 

500 

100 

300 

-  100 

300 

-  100 

300 

~  100 

300 

300 

300 

Total  820,000 


Assuming  the  plant  capacity  is  limited  to  the  total  sales  income,  explain 
how  you  wrould  go  about  analyzing  the  data  writh  the  view  to  reducing  the 
variety  of  products.  MTbat  changes  would  yoti  recommend?  Compare  the  ex^t- 
ing  equivalent  P/  V  ratio  with  the  one  obtained  after  the  proposed  simplification. 
What  improvement  can  be  envisaged  in  the  margin  of  safety? 
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6.  A  product  is  manufactured  at  the  break-even  point.  A  committee  has  studied  the 

situation  and  has  recO'inmended  substituting  the  product  by  a  new  design,  in 
spite  of  the  fact  that  the  additional  setup  costs  will  amount  to  50  per  cent  of 
the  fixed  costs.  The  sales  department  has  assured  the  committee  that  sales 
of  the  new  product  can  be  expected  to  be  20  per  cent  above  the  existing  level. 
What  are  your  views  about  the  committee’s  report? 

7.  The  break-even  point  of  a  product  occurs  at  a  sales  income  of  |1 20,000,  but 

normally  the  sales  income  is  1180,000,  the  fixed  costs  being  1100,000.  A  new 
product  involved  additional  costs  of  120,000,  but  the  P/F  ratio  was  improved 
by  20  per  cent  and  sales  income  increased  to  1240,000.  WTiat  net  profit  did 
the  new  design  yield? 

8.  If  the  P;'T  ratio  remains  unchanged  when  introducing  a  new  product,  explain 

how  Fig.  5-20  can  he  used  to  a®e^  the  sales  volume  required,  when  the 
preparation  costs,  fixed  costs,  the  existing  profit,  and  the  desirable  profit 
are  known. 

9.  Design  for  appearance  is  Incompatible  with  design  for  durability.  Discuss  this 

statement. 
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SALES  FORECASTING 
AND  ESTIMATING 


We  have  seen  how  the  whole  pohcy  of  product  development  and  design  is 
pnmai^y  dependent  on  the  demands  of  the  market,  irrespective  of  whether  this 

demand  already  exists  or  has  to  he  created. 

The  effect  of  sales  volume  on  the  cost  of  production  and  the  margin  of  safetv 
at  wMch  the  plant  operates  were  also  demonstrated  in  the  previous  chapter.  K 
eveiyttog  that  is  produced  could  be  consumed  by  the  market,  the  best  policy 
wo  be  to  select  that  product  which  yields  the  highest  profit-volume  ratio  or 
e  one  wrt  the  best  prospects  of  doing  so  in  the  reasonably  near  future.  Such  a 
^ncy  leads  to  increased  specialization,  with  its  obvious  technical  advantages 
it  facihtotes  concentrated  effort  in  research  and  development  in  a  narrow  field, 
but  It  also  makes  the  firm  more  and  more  dependent  on  one  particular  product! 
This  dependence  implies  that  a  careful  study  of  the  market  is  warranted  to 
provide  management  with  useful  data  on  which  to  base  its  current  developm’ent 
pTO^am  and  to  adjust  production  output  and  anal3^e  the  plant  capacity  in 
relation  to  total  market  demand. 


^  en  concentration  of  the  plant  facilities  on  the  products  with  the  highest 
profit- volume  ratio  is  impracticable  or  impossible,  owing  to  limited  demand  or  to 
todamental  management  policy  considerations,  the  distribution  and  utilization 
o  aeihties  (manpower,  materials,  machine,  time,  money) ,  in  producing  different 
products  or  models  depend  on  the  relation  between  output  and  demand.  If  too 
much  of  one  product  is  produced,  the  surplus  has  to  be  carried  in  stock  for  a 
long  penod.  Moreover,  available  facilities  are  used  up  in  overproduction  so  that 
opj^rtumties  to  produce  another  product  for  which  a  demand  exists  wiU  be 


All  these  contingencies  emphasize  the  need  for  fundamental  data  in  the  form 
of  s^es  forecasts,  on  which  both  product  design  and  allocation  of  plant  facilities 
can  be  based.  The  main  purposes  of  sales  forecasting  and  market  research  may 
be  summarized  as  follows: 

1.  Data  should  provide  the  basis  for  decisions  on  production  volumes;  in 
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other  words,  the  sales  or  demand  forecast  should  provide  enough  data  to  facili¬ 
tate  the  specification  of  production  targets  as  a  function  of  time. 

2.  Data  should  provide  information  about  the  relationships  bet'ween  demands 
for  different  products,  so  that  a  healthy  balance  of  production  can  be  worked  out 
in  terms  of  the  quantities  required  of  the  various  products — again  as  a  function 
of  time.  It  is  obvious  that  such  a  balance  will  not  only  dictate  the  broad  outline 
of  the  master  production  schedule  but  will  also  greatly  affect  the  utilization  of 
equipment  and  manpower,  and  hence  the  efficiency  of  the  plant  as  a  wffiole. 

3.  It  follows  that  the  sables  forecast,  by  virtue  of  its  providing  the  basis  for 
the  production  schedule,  is  the  starting  point  for  budgeting  too.  Here,  again, 
proper  planning  for  the  maxhnum  utilization  of  the  plant  financial  resources  and 
for  a,rrangeinent  of  credits  can  only  be  undertaken  when  the  management  decides 
on  the  voiuine  of  production  after  a  thorough  analysis  of  the  sales  forecast. 

4.  Inventory  policy  is  also  affected  by  the  sales  forecast,  since  problems  con¬ 
nected  with  inventory  are  closely  related  to  the  production  schedule  and  to 
budget  p3liei^. 

5.  Data  are  needed  on  which  to  base  plans  for  the  future  of  the  plant  as  a 
whole.  Is  the  demand  for  certain  products  likely  to  increase,  and  if  so,  by  how 
much:  Quantitative  analysis  of  trends  in  demand  are  invaluable  to  the  engineers 
occupied  with  problems  of  expansion  and  of  major  changes  in  production  pro¬ 
cesses  and  methods, 

6.  Future  trends  are  of  great  interest  to  those  engaged  in  product  develop¬ 
ment .  If  a  certain  group  of  products  is  facing  a  contracting  market,  owing  to  a 
multitude  of  possible  reasons,  should  the  company  continue  to  invest  in  develop¬ 
ing  such  products,  or  should  it  divert  its  resources  and  concentrate  on  others? 
These  are  considerations  that  may  affect  the  more  distant  future  of  the  company, 
and  the  purpose  of  market  study  is  to  provide  some  guidance  in  resolving  these 
iiii|M3rtant  issues. 

i.  Pncing  poHcy  may  also  be  affected  by  market  research.  Pricing  is  related 
to  the  sales  volume,  but  in  addition  to  that,  a  scrutiny  of  the  market  provides 
information  about  the  state  of  competition  and  affects  pricing  policy  accordingly. 

b.  Finally,  the  results  of  market  research  may  be  useful  not  only  for  the  pur¬ 
pose  of  sales  control  and  for  evaluating  sales  progress  but  also  to  plan  the  sales 
campaign  as  a  whole,  including  the  methods' that  should  he  adopted  for  distri¬ 
bution  and  sales  promotion. 

Thus,  market  research  is  an  indispensable  part-  of  the  planning  function  of  the 
organizatioii.  The  study  of  those  factors  in  the  market  that  contribute  to  the 
final  sales  forecast  is  so  closely  associated  with  sales  activities  that  it  is  very  often 
included  as  one  of  the  fimetions  of  the  sales  department.  In  this  chapter,  how¬ 
ever,  we  shall  be  mainly  concerned  with  some  of  the  techniques  thah  contribute 
to  a  sales  forecast,  rather  than  with  activities  that  are-directed  toward  prom-oting 
sales>.  The  reader  interested  in  marketing  should  consult  special  treatises  on  the 
subject,  some  of  which  aie  mentioned  at  the  end  of  this  chapter. 


Sales  Forecasting  and  Estimating  101 


Is  Forecasting  a  Black  Art? 

Fi^edieting  the  future  is  one  of  the  most  difficult  problems  which  scientists 
hawe^  had  to  tackle.  In  a  purely  deterministic  system,  where  an  unequivocal 
relationship  between  cause  and  effect  has  been  clearly  established,  it  is  possible 
to  predict  very  accurately  the  course  of  events  in  the  future,  once  the  future 
pattern  of  causes  is  inferred  from  past  behavior.  Thus,  in  a  set  of  experiments  in 
classical  physics,  when  a  deimite  sequence  of  operations  is  performed,  the  out¬ 
come  can  be  described  in  advance.  Lilcevdse,  within  a  reasonable  span  of  time  the 
celestial  bodies  behave  in  a  deterministic  manner,  and  therefore  their  movements 
and  positions  in  the  future  are  predictable  to  a  very  high  degree  of  accuracy. 

Economic  systems  differ  fundamentally  from  the  above  systems  in  two 
respects.  First  they  depend  on  factors  that  have  a  very  high  degree  of  variability, 
so  that  any  attempt  to  predict  their  behavior  in  deterministie  terms  has  no 
justifiable  basis.  Secondly,  the  systems  are  highly  complex  in  structure  and  do 
not^  lend  themselves  to  description  wdth  the  aid  of  a  small  number  of  major 
variables,  as  do  many  phenomena  in  classical  physics.  The  interrelationships  of 
variables  within  economic  systems  are  so  intricate  that,  even  in  deterministic 
terms,  their  effect  on  the  behavior  of  the  system  is  difficult  to  ascertain.  Further¬ 


more,  ^economic  systems  are  often  nonstochastic  in  nature,  and  their  future 
behavior  depends  on  their  development  in  the  past.  Howwer,  the  effect  of  the 
past  and  present  on  the  future  varies  greatly  and  the  nature  of  this  relationship 
is  often  not  clear. 


For  ail  these  reasons  sales  forecasting  is  not  a  precise  business  science,  and  the 
many  attempts  to  simplify  trends  and  behavior  of  forecasting  methods,  based 
on  one  or  tw^o  variables,  are  therefore  fundamentally  invalid  and  prove  to  be 
unsuccessful.  M.  J.  Moroney,  a  statistician,  has  written:  ^^Economic  forecasting, 
like  weather  forecasting  in  England,  is  only  valid  for  the  next  six  hours  or  so. 
Beyond  that  it  is  sheer  guesswwk.  And  J.  J ewkes,  the  economist,  has  commented : 
“A  major  error  of  economists  is  the  belief  that  they  can  predict  the  future.  It 
caimot  be  too  strongly  emphasized  that  there  is  nothing  in  economic  science 
W'hich  enables  us  to  foretell  events.  Those  wffio  claim  otherwdse^  are  dragging  down 
their  subject  to  the  level  of  astrology."’  These  are  perhaps  harsh  remarks  for  the 
optimists,  who  tend  to  accept  forecasting  with  a  few^  slightly  apologetic  words. 
It  is  fair  to  say,  how^ever,  that  a  comparison  betw’een  sales  forecasts  and  actual 
events  in  the  past  few^  decades  reveals  unsatisfactory  discrepancies  and  mdicates 
the  inadequacy  of  existing  knowledge  of  the  subject.  A  familiar  ease  in  point  is 
the  forecasts  that  are  express^ed  from  time  to  time  of  national  economic  trends 
and  the  wide  variations  of  opinions  of  various  authorities.  These  different  and 
sometimes  conflicting  views  have  one  thing  in  common:  Their  authors  try  to 
simplify  the  system  and  niamly  rely  on  a  few^  ^elected  variables,  which  they 
consider  to  be  the  dominant  factors.  By  disagreeing  on  what  the  main  factors 
are  and  by  practically  ignoring  all  the  others,  it  is  no  wonder  that  different 
conclusions  are  reached. 
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Sales  forecasts,  iiowe¥er,  are  so  vital  to  efficient  production  planning,  that 
careful  studies  of  a  multitude  of  variables  and  whole  systems,  complex  as  they 
are,  have  to  be  undertaken.  As  those  studies  proceed  and  develop,  the  techniques 
for  forecasting  become  more  refined,  more  sensitive  to  detect  interrelationship 
of  variables  and  sometimes  more  accurate.  Nevertheless  there  is  little  doubt  that 
a  great  deal  of  further  research  into  the  behavior  of  economic  systems  will  be 
required  before  sales  forecasts  become  as  accurate  and  as  reliable  a  tool  as  the 
prwiuction  engineer  wo^uld  like  them  to  be. 

What  ResMets  Consumption? 

It  was  x4dam  Smith  who  stated  that  consumption  is  the  sole  end  and  purpose 
of  all  production.  In  the  past  century  economists  studied,  evaluated,  heatedly 
debated,  and  sometimes  tried  to  modify  this  maxim,  but  the  fact  does  remain 
that  market  research  mainly  revolves  around  the  question:  “WTiat  restricts 
consumption?”  ’With  an  insatiable  demand,  there  would  be  no  need  for  sal® 
forecasting,  and  production  plarniing  could  be  guided  by  technical  considerations 
alone. 

Hence,  analysis  of  the  factors  that  limit  consumption  can  greatly  contribute 
to  the  understanding  of  the  market,  its  peculiarities,  and  its  trends.  These 
factore  can  be  grouped  under: 

1 .  The  pr«iuct  and  its  limitations 

2.  The  consumer  and  his  potential  buying  power 

3.  Competition,  or  values  and  utilities 

4.  Saturation 

5.  Distribution  and  promotion 

i.  State  of  busine® 

Hie  product  and  its  limitations 

This  part  of  market  research  is  of  great  -importance  to  product  development 
and  design.  The  various  aspects  of  product  development  were  discussed  in  the 
preceding  chapter,  and  an  analysis  of  these  may  solve  many  important  question, 
such  as:  Does  the  product  possess  all  the  functional  requirements  that  are  desired 
by  the  customer?  Would  it  be  w^  to  expand  its  utility  by  modifying  its  design, 
and  if  so,  how  should  this  be  done  (design  of  attachments,  the  question  of 
versatility,  the  problems  of  setting-up  versus  running  times,  etc.)?  How  should 
the  design  and  sj^eifications  of  the  product  affect  the  range  of  products  to  he 
produced,  their  siz®,  the  interchangeability  of  parts  from  one  model  to  another, 
and  the  effects  of  variety  on  the  production  schedule? 

What  would  the  outcome  of  a  simplification  program  he?  Would  the  elimina¬ 
tion  of  several  prcxiucts  tend  to  enhance  or  to  dampen  the  sal®  of  other  m^odels 
or  products  of  the  company  ?  Quantitative  data  are  required  to  facilitate  a 
logical  analysis  of  simplification  plans. 

What  is  the  market's  attitude  to  the  quality  of  materials  used  and  the  quality 
of  workmanship  in  relation  to  its  functional  attributes  and  its  price?  What  is  the 
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effect  of  styling  on  the  salability  of  the  product,  and  to  what  extent  is  the 
periodic  change  of  styling  desirable?  Would  different  packaging  be  more  effec¬ 
tive?  What  are  the  implications  of  maintenance,  breakdowns,  repairs,  availa¬ 
bility  and  prices  of  spare  parts,  and  what  conclusions  should  be  drawn  about 
the  servicing  policy  of  the  company? 

The  consumer  and  his  potential  buying  power 

In  order  to  understand  the  market  and  be  in  a  position  to  prognosticate  sales 
volumes,  market  research  makes  use  of  different  kinds  of  collected  data  about 
the  consumer. 

First,  who  is  the  consumer — an  individual,  a  family,  a  company?  What 
numerical  facts  should  be  known  about  him?  What  likely  changes  in  the  com¬ 
position  of  the  population  of  consumers  can  be  foreseen  ?  Data  about  population 
structure,  breakdown  of  wage  earners,  distribution  according  to  ages  and  sex, 
distribution  according  to  occupations  and  education,  size  and  structure  of 
families,  rate  of  births  and  deaths  and  marriages,  distribution  of  establishments 
according  to  size  and  main  products — all  these  facts  are  readily  obtainable  from 
official  statistical  publications. 

Secondly,  facts  about  buying  power  are  required.  Naturally,  distribution  of 
wage  earners  according  to  income  is  of  great  interest.  Also  useful  are  statistics 
about  trends  in  the  national  wealth,  the  state  of  employment,  industrial  indexes, 
and  level  of  savings  in  relation  to  earnings.  These  figures  are  particularly 
helpful  for  the  understanding  of  general  trends  in  consumption. 

Thirdly,  the  consumer’s  attitudes,  opinions,  and  tastes  have  to  be  studied. 
How  does  he  spend  his  money,  his  leisure?  Here  again,  some  existing  statistics 
and  surveys  may  enlighten  us.  These  tell  us,  for  instance,  how  much  is  spent  on 
food,  clothing,  housing,  furnishing,  recreation,  etc.,  as  a  function  of  personal 
incomes.^  What  are  the  causes,  if  these  can  be  ascertained,  for  a  spending  struc¬ 
ture  of  this  kind?  What  groups  of  consumers  deviate  favorably  from  the  average 
consumer,  and  would  it  be  advisable  to  direct  sales  activities  more  toward 
them? 

What  do  the  consumers  want  to  have,  and  how  do  their  wishes  compare  with 
what  they  can  get?  This  pertains  to  the  basic  question  already  posed  in  the 
preceding  chapter:  Should  the  organization  try  to  give  the  customer  what  he 
wants  or  tell  him  what  he  should  want?  In  many  cases  manufacturers  choose 
to  ignore  the  customers’  wishes  altogether,  without  properly  evaluating  the 
consequences.  This  is  what  President  Eisenhower  had  to  say  on  the  subject 
in  April,  1958: 

I  personally  think  our  people  are  just  a  little  bit  disenchanted  by  a  few  items  that 
have  been  chucked  down  their  throats,  and  they  are  getting  tired  of  them;  and  I 
think  it  would  be  a  very  good  thing  when  the  manufacturers  wake  up — and  I  am  not 

^Example:  Consumer  Finances  Survey,  published  by  the  Federal  Reserve  System,  and 
based  on  a  sample  of  3,000  spending  units. 
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going  to  name  names — and  begin  to  give  the  things  we  want  instead  of  things  they 
think  we  want. 

After-sales  surveys  also  belong  to  this  category.  What  does  the  customer  think 
about  the  product?  What  features  give  him  satisfaction,  w^hat  aspects  is  he 
dissatisfied  with,  and  for  what  reasons?  From  these  surveys  one  can  infer  (i) 
about  the  reception  of  the  product  in  the  market,  and  (ii)  about  prospects  of 
reselling  to  oM  customers. 

Analysis  of  competition 

Analysis  of  competition  is  essentially  a  study  in  values  and  utilities.  The 
customer  is  constantly  comparing  the  price  of  the  product  to  the  utility  that  he 
expects  to  get  out  of  it.  The  word  “utility”  is  used  here  in  its  broadest  meaning 
and  it  should  be  understood  to  include  the  sense  of  prestige,  pride  of  owmership, 
f^,ling  of  achievement,  etc.,  apart^  from  the  satisfaction  derived  from  the  func¬ 
tional  and  economical  attributes  of  the  product. 

Competitioii  arises  when  seveml  products  or  services  have  a  claim  to  the  con¬ 
sumer  s  limited  spending  potentialities.  As  he  is  unable  to  purchase  everything 
that  is  offered  but  is  obliged  to  remain  within  a  certain  budget,  he  proceeds  to 
draw  up  a  list  of  preferences.  The  competing  products  and  services  try  to  get  on 
the  customer  s  preference  list  and,  broadly  speaking,  there  are  two  w^ays  of 
achieving  this  goal.  The  first  is  to  lengthen  the  list,  so  that  more  items  may  be 
includwi  in  it.  This  may  be  done  by  increasing  the  available  spending  budget 
I  raising  the  standard  of  living,  credits,  hire  purchase)  or  by  reducing  prices. 
The  second  way  is  simply  to  push  some  other  products  off  the  list,  and  this  is 
the  essence  of  competition. 

Competing  for  a  shore  of  the  market 

It  now  becomes  obvious  that  competition  is  of  two  kinds :  direct  competition 
with  similar  prcxiucts  and  indirect  competition  with  other  products  or  services. 
While  the  aim  of  the  organization  remains  the  same  in  the  two  cases  (namely, 
to  get  on  that  preference  list),  the  techniques  of  study  and  the  strategy  of  sales 
promotion  are  basically  different  for  the  two  cases. 

In  direct  competition  the  ratio  of  utility  to  price  of  the  competing  products  is 
submitted  to  the  customer’s  sense  of  judgment,  and  he  finaUy  selects  the  one 
which  to  Mm  seems  to  yield  the  highest  ratio.  TMs  ratio,  naturaUy,  is  not  abso¬ 
lute.  It  depends  on  values  attached  to  the  various  characteristics  of  the  product 
I  whether  these  values  are  attributed  in  a  systematic  manner  or  subconsciously), 
and  these  differ  for  different  people  and  even  for  the  same  customer  from  time  to 
time,  depending  on  Ms  reassessment  of  facts,  situations,  or  objectives  and  some¬ 
times  even  on  his  emotional  reactions. 

Products  in  direct  competition  are  usuaUy  not  identical.  They  have  different 
features  to  offer,  some  of  which  may  be  more  attractive  to  certain  customers  and 
unattractive  to  others.  The  distribution  of  demand  becomes  a  function  of  the 
distribution  of  preferences  and  attributes  of  utilities,  and  each  commodity 
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succeeds  in  capturing  a  certain  proportion  of  the  whole  potential  market 

accordingly. 

The  share  of  the  market  dominated  by  a  product  is  a  very  useful  index  for 
judging  the  product  position,  and  one  of  management’s  tasks  associated  with 
sales  forecasting  is  an  analysis  of  the  needs,  functional  characteristics,  attributes, 
and  prices  prevailing  in  the  market,  which  contribute  to  this  share.  Management 
policy  with  respect  to  product  development  and  design,  appropriations  for 
research  and  for  modernization  of  plant  equipment,  and  production  methods 
and  pricing  policy  as  well  as  competitors’  successes  or  failures  are  eventually 
reflected  in  the  product  share  of  the  market.  An  efficient  market  analysis  can 
point  out  to  management  the  causes  for  fluctuations  in  the  market  share  and  the 
factors  that  contribute  to  the  competitors  becoming  more  consolidated,  so  that 
action  can  be  taken.  The  facts  about  the  competitors’  position  are 
not  always  easy  to  gather,  as  a  great  deal  of  information  of  this  kind  is  guarded 
by  companies  as  top  secret.  How'ever,  from  a  good  market  study  a  few  accurate 
inferences  can  sometimes  be  made  and  later  correlated  woth  data  that  are 
eventually  released,  thus  evaluating  the  methods  of  deductions  and  inferences. 
An  example  of  a  study  in  market  sharing  is  given  on  page  115. 

It  was  mentioned  in  the  preceding  chapter  that,  because  the  attribution  of 
utilities  is  not  absolute  and  since  each  product  tends  to  capture  a  certain  pro¬ 
portion  of  the  market,  some  firms  have  been  led  to  the  erroneous  conclusion  that 
an  addition  of  a  competing  product  to  the  market  is  bound  to  reduce  the  share 
of  existing  products,  and  that  it  would  therefore  pay  a  firm  to  introduce  such  a 
product  and  thereby  increase  its  total  sales.  This  artificial  increase  in  the  variety 
can  be  achieved  by  marketing  brands  slightly  diflferent  from  the  existing  ones, 
or  even  by  offering  identical  products  under  different  names  and  packagings. 
The  share  for  each  product  becomes  smaller,  but  the  total  share  of  the  firm 
(so  it  is  argued)  is  increased. 

There  is  no  need  for  lengthy  arguments  to  show  how  shortsighted  such  a  policy 
is  and  that  it  can  produce  some  very  undesirable  results.  First,  because  the 
device  of  artificially  increasing  variety  is  open  to  the  competitors  as  well, 
retaliation  in  this  respect  may  soon  restore  the  firm  to  its  original  position,  or 
indeed  even  worsen  it.  Secondly,  as  we  have  seen  in  the  preceding  chapter,  variety 
is  bound  to  be  reflected  in  increased  production  costs,  and  artificial  variety  may 
also  involve  increased  costs  for  marketing  and  sales  promotion.  Tiiirdly, 
flooding  the  market  with  a  multitude  of  similar  brands  may  seriously  injure  the 
standing  and  reputation  of  the  original  product.  Its  personality,  so  to  speak, 
may  be  lost  in  the  crowed,  and  time  and  money  invested  in  promoting  its  name 
may  be  irretrievably  lost.  Fourthly,  the  fundamental  thesis  that  a  new  product 
is  bound  to  capture  a  big  enough  share  of  the  market  to  justify  artificial  increase 
in  variety  has  not  been  proven.  The  effect  of  new  product  impact  on  the  market 
is  difficult  to  ascertain  in  advance;  furthermore,  one  should  distinguish  between 
the  short-term  effect  and  the  long-term  consequences.  An  organization  wishing 


106  Prodmciiom  Planning  and  Control 


to  increase  its  share  of  the  market  at  the  expense  of  its  competitors  should  sti 
the  reasons  that  induce  customers  to  go  to  the  competitors.  A  careful  evalual 
of  these  data  is  a  saner  method  on  which  to  base  management  decisions. 

Indirect  competition  with  all  products  and  services  that  have  a  claim  to 
customer's  limited  purchasing  power  is  a  field  of  study  that  may  throw  sc 
light  on  market  fluctuations  and  trends.  This  subject,  howover,  contains  m2 
intangibles  and  is  far  more  difficult  to  evaluate  quantitatively.  A  careful  anal] 
of  the  factors  that  promote  the  sales  of  indirect  competitors  is  certai 
warranted,  as  weM  as  a  study  of  the  customer's  spending  budget,  his  requi 
ments  and  tastes,  and  Ms  environment  and  Ms  community,  as  already  discusi 
above. 

Saturation 

Demand  is  known  to  he  affected  by  the  stock  that  has  already  been  absori: 
by  the  market  in  a  given  period  of  time.  Beyond  a  certain  level  of  consumpti( 
demand  tends  to  decrease  as  the  supply  increases.  TMs  is  sometimes  known 
the  Iaw  of  Diminishing  Utility,  or  simply  the  effect  of  a  saturation  proce 
The  Law  of  Diminishing  Utility  states  that  the  utility  of  a  certain  prodt 
Ibsens  in  proportion  to  the  quantity  already  purchased  by  the  customer  ir 
given  period.  The  more  he  gets  of  the  product,  the  more  Ms  interest  wanes 
acquiring  some  more,  until  a  point  is  reached  when  the  utility  derived  frc 
purchasing  another  unit  is  so  small  that  the  customer  begins  to  prefer  a  differe 
product  altogether.  This  is  the  point  of  saturation,  wMch  causes  a  product  to 
relegated  to  a  lower  position  on  the  customer’s  preference  list  or  to  be  remov 
fiT>m  it  entirely.  TMs  has  to  be  guarded  agamst  during  two  stages  in  selling: 

Sellirng  to  satisfy  demand 

The  Iaw  of  Diminishing  Utility  would  suggest  that  when  the  demand  for 
product  begins  to  wane,  owing  to  market  saturation,  changes  in  the  produ 
characteristics  are  iiidieat«l.  TMs  may  mean  either  switching  over  to  a  ne 
model  or  adding  to  the.  existing  variety  of  products  already  offered  by  the  cot 
pany.  Xaturally.  the  problems  of  variety  versus  simplification,  the  changeov 
to  a  new  male!,  and  the  timing  of  such  an  action  have  to  be  analyzed  quani 
tatively.  as  shown  in  the  preceding  chapter. 

Saturation  is  caused  not  only  by  the  product  under  consideration  but  also  t 
Its  rivals;  hence  all  products  in  direct  competition  have  to  be  taken  into  accoui 
when  analyzmg  ^turation.  Here,  monopoly  and  patents  may  play  an  importai 
role  m  dehjmg  or  preventing  eompetitora  from  coming  on  the  scene  and  thereb 
securmg  a  bigger  share  of  the  market  before  saturation  is  reached. 

The  effect  of  indirect  competition,  or  the  state  of  saturation  of  the  market  as 
whole.  IS  also  likely  to  be  felt.  The  effect  may  be  favorable  when  competin 
goods  or  services  have  been  consumed  to  an  extent  that  their  demand  begins  t 
taper  off.  It  may  be  unfavorable  when  a  large-scale  flooding  of  goods  causes 
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general  state  of  saturation  and  discourages  buying  as  a  whole.  The  problems  of 
saturation  caused  by  indirect  competitors  is  a  complex  one^  but  a  study  of  its 
causes  and  effects  is  often  worthwhile. 

Replacement 

As  the  life  of  the  product  is  limited,  a  demand  for  it  will  ensue  when  it  fails  to 
provide  the  service  expected  of  it  on  account  of  wear.  In  the  case  of  perishables 
and  expendable  goods,  they  may  deteriorate  and  have  to  be  scrapped  after  a 
period  of  time,  even  though  they  have  not  been  used  at  all.  As  this  can  be 
interpreted  to  mean  that  long  life  restricts  consumption,  fundamental  decisions 
regarding  the  quality  of  the  product  have  to  be  taken.  Should  the  product  be 
made  of  inferior  materials  and  poor  workmanship  in  order  to  encourage  early 
replacement  ?  The  case  of  nylon  stockings  is  immediately  brought  to  mind  w^hen 
one  tries  to  compare  the  short  life  of  a  pair  of  nylon  stockings  toda3^  with  that  of 
the  earty  specimens  introduced  to  the  market.  Should,  for  example,  a  manu¬ 
facturer  of  glassware  decline  and  perhaps  try  to  suppress  inventions  of  unbreak¬ 
able  glass,  in  order  to  avoid  earty  market  saturation?  Should  decisions  about 
inferior  quality  be  deliberate^  taken,  though  the  good  name  of  the  organization 
may  be  at  stake?  What  effects  would  competition  in  the  market  have  on  the 
outcome  of  such  a  policj^?  How  would  it  affect  the  pr^tige  and  status  of  the 
company’s  other  products,  and  is  it  desirable  to  have  a  united  policy  in  this 
respect  for  all  the  products?  How  would  pricing  be  affected?  With  adequate  data, 
a  quantitative  anatysis,  using  operations  research  technique,  can  be  unde'rtaken 
to  determine  what  economic  service  life  should  best  be  aimed  at.  This  “service 
life”  can  be  translated  into  functional  requirements  and  specifications  of  quality 
of  material  and  workmanship  and  expressed  in  terms  of  production  costs. 
Considering  that  this  is  one  of  the  fundamental  issues  of  the  firm’s  long-term 
policy,  which  has  far-reaching  consequences  on  product  development  and  design 
and  on  the  firm’s  standing  in  the  market,  it  is  evident  that  replacement  analysis 
is  an  intricate  problem  worthy  of  serious  study. 

HisMbuMon  and  promofion  methods 

That  distribution  and  promotion  methcxis  affect  the  sales  volume  is  fairly 
obvious,  and  that  is  wh^^  market  research  (perhaps  a  more  appropriate  term  here 
would  be  “marketing  research”)  must  include  a  proper  evaluation  of  their 
effectiveness.  Such  an  evaluation  should  cover  an  analysis  of  methods  used  in 
the  past,  appraisal  of  methods  used  by  direct  competitors,  the  po^^ible  appli¬ 
cation  of  new  methods  adoptoi  from  other  fields,  and  the  effect  on  the  market 
of  anj  change  in  the  existing  methods.  This  is  quite  a  formidable  task  and  a 
field  m  ivhich  it  is  difficult  to  predict  with  great  aceuraej^.  But  again,  an  evalua¬ 
tion  of  this  kind  may  be  indispensable  if  better  wa^’s  are  sought  under  conditions 
of  severe  competition.  Anatyses  of  distribution  and  promotion  methods  may  fall 
into  three  categories:  advertising,  effectiveness  of  distribution  channels,  and 
teims  of  sale. 
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Adreriising 

As  mentioned  in  the  preceding  chapter,  adYertising  policies  depend  on  the 
type  of  product  and  its  position  in  the  market.  The  tecliniques  of  an  advertising 
campaign  would  naturally  be  different  for  launching  a  new  product  than  for 
maintaining  an  already  well-established  name.  Different  techniques  also  apply 
for  a  product  with  little  competition  in  contrast  wdth  those  for  a  market  with 
keen  competition;  for  a  single  product  or  for  a  range  of  products;  for  a  market 
where  a  demand  for  this  type  of  product  exists;  or  when  the  customer  must  be 
educated  to  new  uses,  habits,  or  requirements.  These  fundamental  considerations 
may  also  affect  the  amount  of  money  spent  on  advertising.  The  Treasury 
Department  estimated  that  in  1957  more  than  7  J  billion  dollars  w^ere  spent  on 
advertising  in  the  United  States.  On  the  average,  corporations  in  the  United 
State  spend  slightly  more  than  1  per  cent  of  their  receipts  from  sales  on  adver¬ 
tising,  but  there  are  great  variations  in  different  industries,  as  showm  in  Table  6-L 

Table  6-1 

E^tp^endifmre  for  Advertising^  1957 


(Some  selected  data) 

No,  of 

Industry  Group  Corpora¬ 

tions 

Advertising  Expenditures 

Amounts  Percentage  of 

Millions  Sales  and 

S  Gross  Receipts 

Total 

940,147 

7,666 

1.1 

Agriculture,  forestry’  and  fishery 

11,833 

14 

0.6 

Construction 

53,576 

56 

0.2 

llanufacturing 

138,566 

4,447 

1.4 

Beverages 

2,948 

345 

4,9 

Ecx>d  and  kindred  products 

11,761 

808 

2.0 

Tobacco  manufactures 

173 

218 

5.2 

Textile  mill,  products 

5,293 

97 

0.7 

Apparel  and  products  made  from  fabrics 

13,114 

93 

1-0 

Fumimre  and  fixtures 

5,671 

61 

1.4 

Paper  and  allied  products 

3,353 

89 

0.8 

Printing,  publisliing  and  allied  industries 

16,368 

69 

0.6 

Chemical  and  allied  products 

8,023 

858 

3.6 

Petroleum  and  coal  products 

776 

177 

0,5 

Rubber  products 

859 

94 

1.7 

Primary  metal  industries 

3,581 

105 

0.4 

Fabricated  metal  products* 

14,097 

173 

1-0 

Machineiy't 

14,586 

296 

1.1 

Electrical  macliineiyT'  and  equipment 

5,032 

331 

1.8 

WTiolesale 

103,474 

625 

0.5 

Retail 

178,493 

1,516 

1.4 

Finanee 

65,033 

251 

1.4 

Seivdees 

90,597 

303 

1.7 

*  Except  ordnaiiee,  machinery,  and  transportation  equipment, 
f  Except  transportation  and  electrical  equipment. 

Sotirce:  U.S.  Treasury  Department,  Internal  Revenue  Service;  Statistics  of  Income, 
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Effectmeness  of  distribution  channels 

There  are  four  principal  -channels  of  distribution  (Fig.  6-1).  Nystrom  and 

Frey^  list  these  as: 

1-  Manufacturer  direct  to  consumer. 

a.  Manufacturer  to  household  consumer  by  mail. 

b.  Manufactimer  to  household  consumer  by  door-to-door  salesmen. 

c.  Manufacturer  to  consumer  by  manufacturer’s  own  retail  store. 

2.  Manufacturer  to  retailer  to  consumer, 

a.  Manufacturer  to  independent  retailer,  chain  store,  department  store,  or 
mail-order  house  to  household  consumer. 

3.  Manufacturer  to  wholesaler  to  retailer  to  consumer. 

a.  Manufacturer  to  either  full-service  wholesaler  or  limited -function  whole¬ 
saler  to  retailer  to  consumer. 

4.  Manufacturer  to  functional  middleman  to  wholesaler  to  retailer  (or,  direct  to 

retailer)  to  consumer. 

Most  industrial  goods  other  than  raw  materials  from  the  farm  or  mine  are  sold 
either  direct  to  the  industrial  consumer  or  to  one  or  two  middlemen  existing  between 
the  producer  and  the  consumer.  These  two  middlemen  are  the  counterparts  of  the 
functional  middleman  and  wholesaler  in  the  marketing  of  consumer  goods.  Retailers 
as  a  rule  do  not  sell  in  significant  quantities  to  industrial  consumeis. 

In  connection  with  each  of  these  channels,  the  manufacturer  may  use  his  own 
branches,  either  with  or  without  stocks.  Branch  activities  are  at  the  whol©:sale  level. 


Figure  6-1.  Mimic  chammels  of  distri¬ 
bution  for  cowmu»ner  goods. 


The  manufacturer  can  either  use  one  of  these  channels  or  a  combination  of 
them,  and  the  question  that  has  to  be  settled  by  marketing  research  is  which 
method  to  adopt  and  how  to  measure  its  effectiveness.  It  may  turn  out  that 
certain  channels  are  better  in  some  regions  and  worse  in  others.  Or  it  may  be  that 

®  P.  H.  Kystrom  and  A.  W.  Frey  (eds.):  Marketinff  Handbmk  (The  Ronald  Press  Co 
1948),  p.  220. 
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selection  of  channels  should  mainly  be  governed  by  the  type  of  product  offered^ 
in  which  case  the  question  of  unified  distribution  policy  versus  multidistribu- 
tion  policy  should  be  carefully  studied. 

Another  problem  relating  to  distribution  channels  is  that  of  allocation.  How 
much  should  be  allocated  to  each  warehouse  to  minimize  handling?  How  much 
of  each  brand  should  be  channeled  to  each  market,  if  a  certain  amount  of 
interchangeability  of  models  is  possible?  Problems  in  evaluation  of  channels  and 
in  allocation  have  been  successfully  tackled  by  operations  research  techniques, 
and  for  forther  study  of  these  the  reader  should  consult  treatises  on  marketing. 

Terms  of  sale 

At  what  terms  is  it  advisable  to  conclude  a  sale?  This  is  obviously  a  funda¬ 
mental  question  in  planning  distribution  methods.  It  includes  such  issues  as 
pricing  polic3^  and  how  it  is  affected  by  distribution  channels  and  by  market 
competition,  hire-purchase  policy  and  extent  of  credits,  terms  of  discounts, 
problems  of  installation  and  servicing,  training  customers’  operators,  terms  of 
guarantee,  terms  of  suppljdng  spare  parts.  AU  these  may  have  a  marked  effect 
on  sales  efficiency  on  the  one  hand  and  on  the  firm’s  financial  position  on  the 
other. 

In  evaluating  sales  promotion  methods,  the  firm  is  anxious  to  know'  whether 
the  best  possible  use  is  made  of  advertising  appropriations  and  wffiat  effects 
might  be  expected  if  these  appropriations  were  to  be  changed.  Thi^  is  an  impor¬ 
tant  issue  on  which  management  has  to  make  a  decision,  and  the  question  of 
evaluation  is  particularly  acute  when  suitable  advertising  media  have  to  be 
selected.  The  methods  mosth^  used  are  mentioned  in  Table  6-2,  wffiich  gives  the 
estimated  expenditure  breakdown  in  the  United  States  by  advertising  media  for 
1958.  The  important  role  plaj^ed  b3r  new'spapers  in  advertising  is  quite  apparent 
(a  third  of  the  total).  The  direct  approach  by  mail  is  also  greatly  favored 
(15.4  per  cent),  and  advertising  television  is  becoming  more  and  more  popular 
(18.2  per  cent  in  1958  as  compared  with  3.0  per  cent  in  1950).  A  great  deal  of 
research  that  evaluates  advertising  effectiveness  has  been  carried  out  in  recent 
years,  and  the  published  results  are  invaluable  when  special  cases  are  analyzed, 
both  for  the  general  background  that  is  thereby  readily  obtainable  and  for 
correlation  purposes. 

State  of  business 

Business  as  a  whole  is  subject  to  fluctuations,  usually  referred  to  as  “business 
cj^cles.”  There  are  periods  of  boom  when  sales  are  increasing  and  business  is 
expanding  rapidly.  There  are  periods  of  recession,  periods  of  shrinking  markets, 
and  eonteaction  of  business.  These  business  fluctuations  may  account  for  more 
unstableness  in  the  firm’s  position  and  for  more  deviations  of  actual  sales  from 
the  forecast  than  these  that  can  he  attributed  to  factors  within  the  firm’s  own 
sphere  of  influence. 
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Table  6-2 


Estimated  Expenditwre  in  ' 

the  United  States  bw 

Advertising  Media,  W58* 

Percentage  of  Total 

Medium 

Expenditure 

Total — N  ational 

61.5 

Total-Local 

38.5 

Newspapers 

National 

7.5 

Local 

23.5 

— 

31.0 

Radio 

Network 

0.6 

Spot 

1.8 

Local 

3.6 

_ 

6.0 

Television 

Network 

6.0 

Spot 

3.0 

Local 

2.4 

— 

13.2 

Magazines 

Weeklies 

4.1 

Women’s 

1.5 

General 

1.5 

Farm 

0.3 

— 

7.4 

Farm  papers 

0.3 

Direct  mail 

15.4 

Business  papem 

5.1 

Outdoor 

National 

1.3 

Local 

0.6 

— 

1.0 

Miscellaneous 

National 

11.6 

Local 

8,1 

Total 


*  TaJs:eii  from  the  Statistical  Abstract  of  the  United  States,  1060. 

Compiled  by  MeCajm-Eriekson,  Ine.,  for  Printers’  Ink  Publications,  JTew  York 
N.Y.,  published  m  Printers’ Ink.  ’ 

Pricing  policies 

The  question  of  pricing  policy,  for  instance,  has  been  mentioned  as  one  of  the 
basic  factors  afifeeting  sales  activities.  But  prices  as  a  whole,  it  appears,  are 
associated  with  business  cycles,  as  can  be  seen  from  Fig.  6-2,  which  shows  the 
change  in  consumer  price  index  over  a  ten-year  period.  Apart  from  general  trends 
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in  prices,  flnctnatioiis  of  sliort-term  duration  are  also  clearly  discernible,  particu¬ 
larly  in  Fig.  6-3,  wMcli  shows  wholesale  price  indexes  since  1926.  Another 
interesting  factor  apparent  from  these  curres  is  that  different  commodities  are 
affected  in  different  ways:  Some  are  more  sensitive  and  their  prices  fluctuate 
more  violently  than  others:  also,  the  times  of  peaks  and  troughs  are  not  identical 
for  all.  In  the  absence  of  any  available  laws  that  describe  business  cycles  and 


Figure  6-2.  Consumer  price  index; 
1947-1949=100, 

{Courtesy  U.S.  Department  of  Commerce, 
Bureau  of  the  Census. 

Source :  Department  of  Labor,  Bureau  of 
Labor  Statistics) 


Figure  6-S.  Wholesale  price  indexes;  1947-1949  =  100, 

f  Courtesy  LT.S.  Department  of  Commerce,  Bureau  of  the  Census) 

assess  their  consequences  quantitatively,  the  sales  forecaster  can  only  extra¬ 
polate  from  his  estimates  on  the  basis  of  general  trends  alone.  The  magnitude  of 
the  small  fluctuations  and  their  randomness  would  therefore  indicate  what 
accuracy  is  a  reasonable  objective  in  .sales  forecasting.  An  example  of  sal^ 
variations  is  given  in  Fig.  6-4,  where  indexes  of  department  store  sales  in  the 
United  States  are  shown.  It  is  iiiterestiii,g  to  note  the  effect  of  these  variations  on 
the  level  of  stocks  held  by  the  department  sto,res. 

Business  cycles 

Extensive  lesearch  has  been  carried  out  to  establish  the  causes  of  business 
cycles,  but  a  treatment  of  the  subject  is  beyond  the  scope  of  this  book.  Suffice  it 
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to  say  that  the  prevailing  view  among  some  economists  is  that  business  cycles  are 
a^eiated  with  inventories,  or  rather  with  the  ratio  of  inventories  to  sales. 
Fig.  6-5  shows  the  variations  of  sales,  inventories,  and  the  inventory- sales  ratio 


Figure  6-5.  Inventories  and  sales  and  their  relation  to 
business  eyeles^  (From  A.  Ahrmiiowitz,,  Inventories  and  Business 
C,ycles^  Chart  12,  Xatioiial  Bureau  of  Economic  Research  Inc., 
Gallery  Press,  New  York,  1060) 
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for  1919-1941.  The  shaded  areas  correspond  to  contraction  periods  in  business 
and  are  characterized  by  the  fact  that  the  curve  of  inventory-to-sales  ratio  has 
an  upward  trend,  while  in  periods  of  expansion  this  ratio  tends  to  decrease. 

Making  the  Forecast 

We  have  listed  above  the  various  factors  that  the  forecaster  has  to  bear  in 
mind  when  attempting  to  make  a  sales  forecast.  Naturally,  some  of  these  factors 
may  be  more  predominant  than  others,  depending  on  the  product,  the  industry, 
and  the  circumstances.  Experience  tells  which  factors  have  to  be  meticulously 
analyzed  and  which  need  only  a  superficial  study.  The  first  question  that  has  to 
be  settled,  therefore,  is:  What  data  should  be  used  for  the  sales  forecast?  Such 
data  can  be  obtained  in  two  ways:  published  sources  and  research  activities  of 
the  firm’s  sal^  department  or  outside  agencies  engaged  for  the  purpose. 

1.  Statistics  from  available  publications  of  public  institutions,  professional 
bodl^,  and  others.  Valuable  statistics  are  gathered  by  various  reliable  sources, 
and  innumerable  facts,  usually  of  a  general  nature,  are  then  readily  available 
to  the  firm  with  little  expenditure  of  time  or  money.  Bata  of  national  character 
are  usually  published  by  several  government  departments  (e.g..  Census  of 
Manufactures  (U.S.  Bureau  of  the  Census);  Survey  of  Current  Business  (U.S. 
Department  of  Commerce);  publications  of  the  Central  Statistical  Office  of  the 
U.K.,  etc.).  Bata  about  general  trends  and  the  state  of  business  are  also  found 
in  economic  and  financial  papers  and  journals,  while  specific  information  about 
the  industry  and  the  fluctuations  in  its  sales  are  sometimes  provided  by  trade  or 
manufacturers’  associations.  A  useful  booklet  entitled  “Market  Research  Sources,” 
giv^  a  list  of  current  publications  in  which  abundant  statistical  information  for 
market  research  in  the  United  Stat^  is  available. 

2.  Facts  collected  by  the  firm’s  own  resources,  mainly  from  the  firm’s  past 
sales  and  other  records,  collected  by  those  in  direct  contact  with  customer 
(salesmen,  reteilem,  agents,  etc.),  by  sampling  polls  (questionnaires  by  mail  or 
interview,  telephone,  etc.),  and  by  experts  who  specialize  in  assessing  new 
markets,  techniques,  or  products.  This  research  can  be  carried  out  by  the  firm’s 
own  people  or  by  agenda,  or  both,  depending  on  the  scope,  scale,  and  degree  of 
specialization  required  for  tackling  the  job. 

After  the  facts  have  been  assembled,  the  task  of  evaluating  the  data  com¬ 
mence,  and  this  is  carried  out  by  using  statistical  methods  and  inference.  Indeed, 
the  knowledge  of  statistical  methods  is  required  right  at  the  start,  especially 
when  sampling  techniques  are  employed  for  the  purpose  of  gathering  data,  m 
onier  to  ensure  the  validity  and  relevance  of  the  information  obtained  and  a 
reasonable  degree  of  accuracy  within  the  limitations  of  time  and  money  that  are 
available.  Thus  the  essence  of  this  analysis  is  a  critical  evaluation  of  the  methods 
of  gathering  the  facts,  and  of  attempts  at  predicting  trends  and  future  behavior. 
A  few  current  methods  of  prediction  are  listed  below. 
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Bie  market  share 

It  has  already  been  mentioned  that  market  share  may  sometimes  serve  as  a 
piMe  to  sales  forecasting.  An  example  of  a  study  in  the  market  share  is  given 
m  able  6-3,  where  the  percentage  share  of  a  company  is  quoted  for  ten  years. 

spite  of  the  fluctuations  in  this  share,  no  trend  is  apparent,  and  on  the 
average  the  company  manages  to  secure  12.5  per  cent  of  the  market.  Suppose 
that  m  the  tenth  year  the  total  volume  of  sales  of  this  industry  was  |40  million 
an  t  at  from  general  economic  trends  and  the  position  of  the  industry  as  a  whole, 
an  e^ansion  of  sales  of  20  per  cent  was  expected  for  the  eleventh  year.  In  view 
expansion,  it  was  decided  to  launch  an  entirely  new  model 
winch  had  been  developed  by  the  “Bon  Company”  for  a  number  of  years.  The 
com^ny  s  sales  soared  to  $6.4  million  in  the  eleventh  year.  Is  it  reasonable  to 
conclude  that  this  increase  in  business  was  due  to  the  new  model? 


The  Market  Sfmre  of  «  Ron  Company 

Share  in  %  of  Total  Sales 
^  of  the  Indwtry 


Average  in  past  10  years  12.5 

industry  came  to  $48  million  (20  per  cent 
¥40  milhon),  it  means  that  the  company  secured  (6.4/48)  100  =  13.3 
V  market.  The  percentage  figures  cited  in  Table  6-3  and  4-2a 

^ntol  Ws  are  shown  in  Pig.  6-6.  These  control  limits  mean  that  for  95  per 
n  o  the  ^es  m  a  stable  and  normal  situation,  the  share  percentage  would  be 
tetween  11.5  and  13.5.  It  appears  that  the  figure  for  the  elerenth  year  would  be 
^rU  r^thm  the  control  limits  and  could  easily  be  attributed  to  chance  alone 
lhat  does  not  mean  to  say  that  the  new  model  did  not  contribute  to  the  com- 
^ny  s  we  are  ^  its  position  in  the  market,  perhaps  in  the  face  of  competitors’ 
new  models  and  latest  innovations.  Had  it  not  been  launched,  perhaps  the 

TuS'th  "  to  talk  in  the  present  eircumsLices 

about  the  company  gaming  position  in  the  market  is  being  unduly  optimistic 

S  m  ^  ^  aU-time  hfgh  figure 
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It  is  clear  that  eTen  when  the  percentage  share  remains  fairly  constant  and 
when  the  sales  volume  of  the  industry  can  be  accurately  determined,  it  is  too 
much  to  expect  a  forecast  within  close  limits  on  this  score  alone.  In  the  example 
cited  above  we  know  that  the  company  secures  one- eighth  of  the  total  market, 
hut  this  figure  of  the  share  must  be  accompanied  by  the  tolerance  of  il-O  per 
cent  of  the  total  market,  and  in  95  per  cent  of  the  cases  we  may  expect  the  figure 
to  fluctuate  within  these  limits.  In  our  case,  1.0  per  cent  of  the  total  market 


Figure  6-6.  Market  share  analysis  of  **Ron  Company ’K 

corresponds  to  S.O  per  cent  of  the  sales  volume,  and  coarse  as  this  figure  may 
seem,  it  is  unreasonable  to  expect  a  higher  degree  of  accuracy  from  this  method 
under  the  described  circumstances.  When  the  picture  of  market  share  is  more 
erratic  and  subject  to  wide  variations,  the  use  of  this  method  becomes  rather 
limited,  as  in  the  case  of  some  consumer  nondurable  goods  (such  as  certain  foods, 
chemicals,  and  cosmetics). 


,  80r 


Year  Nwmher 


Figure  6-7.  Sales  record  of  A  &  Z 
Corporation  (See  Table  6-4) 
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Sales  trend  analysis 

M  ithin  the  framework  of  general  economic  trends  a  study  of  the  comnanv’s 

sales  records  is  indispensable  for  forecasting.  ^  ^  ® 

principles  by  which  prediction  should  be  guided  ?  Perhaps 

-  Pattern  of 

past  beLvior  i  accurately  in  a  given  period  of  time,  then  the  study  of 

past  behavior  is  the  answer  to  the  future.  Not  only  can  the  forecast  be  m^ade 

occur*  whefthe  !  ^  planning.  A  somewhat  similar  situation 

repeat  itself  Su2oT 

and  fI  £7  T!.  n  “  Table  6^ 

linear  function  P®,  fluctuations  it  appears  that  sales  are  increasing  as  a 
toear  function  which  may  serve  as  a  basis  for  forecasting.  The  first  problem 
therefore,  is  to  describe  this  trend  quantitatively  problem, 


Table  6-4 


Annual  Sales 

Year 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


of  j4  ^  Z  Corporation 

Sales  171  2Ii!iions  of  $ 

45.0 

42.5 

50.1 

50.6 
62.0 
52.0 

53.5 
64.3 

60.1 

73.6 
71.0 


Many  methods  can  be  used  to  fit  a  straight  line  to  a  given  scatter,  which 
leS^solLes  T  acceptable  method  is  that  of  the 

sZ  of T  f  ^  ^  that  the 

and  tb  ^  ®  of  tfle  differences  between  the  ordinates  of  the  suggested  line 

d  tho^  of  the  given  pomts  is  at  a  minimum.  The  data  in  Table  6-4  mav  be 
represented  by  coordinates,  so  that  the  first  year  is  denoted  bv  a:,  =  0  the 
second  by  a-^  =  1,  etc.,  and  the  appropriate  sales  figures  by  y.  =  42.5  y  =  50  i 

by  th^ equ^£n  re^resswn  line)  is  expressed 

y  =  a  4-  (6-1) 

where  a  is  the  intercept  on  the  Y  axis  (at  r  =  0)  and  6  the  slope  of  the  line 
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(see  Fig.  §-8).  If  Yj,  Fg,  etc.^  are  the  ordinates  of  this  line  at  X2,  etc.,  th 
^ndiMon  of  the  least  squares  demands  that 

(^1  —  fiF  +  (^^2  ■“  ^2)^  (F;j_o  —  yio)^  =  min 


or 


I(Y  -  yf  =  min 


(6-2 


and.  with  this  condition  the  position  of  the  regression  line  (i.e.,  the  values  o: 

£i  and  b)  can  be  determined. 


First  substitute  the  value  of  F  from  Eqs.  6-1 ;  thus  the  condition  is 
2(a  +  —  yT  =  min 

or  2(a-  -f  +  2abx  —  2ay  —  2hxy)  =  min 


The  variables  are  the  two  unknowns  a  and  b.  Of  the  family  of  lines  having  a 
given  slo|»  one  satisfies  this  condition  when 


heni» 

or 


—  -f  +  2€d)x  —  2ay  —  2hxy)  —  0 

2  (a  +  5x  —  y)  =  0 
2(F  —  y)  =  0 


(6-3) 


which  merely  means  that  the  sum  of  the  differences  in  ordinates  is  zero.  If  there 
are  n  points,  the  last  condition  can  be  expressed  as 


na  bYx  =  Yy 


(6-4) 


Similarly,  of  the  family  of  curv^  that  have  a  known  intercept  a,  the  one  that 
atisfies  the  condition  of  least  squares  has  a  slope  b,  so  that 


-  ^  2aha:  —  2ay  —  2hxy)  =  0 

Y{ax  4-  bx^  —  xy)  =  0 

aYx  h  Y  —  Y  xy  (0-5) 

a  and  6  can  now  be  determined  from  the  Eqs.  (6-4)  £tnd  (6-5),  yielding 

a  =  ^) 


hence 

or 


(»2:x2)  _ 


(6-6) 


j  ^  w2ay  —  (ScZy) 
nia?'  —  (Sr)2 


(6-7) 


The  oompntation  of  a  and  h  for  the  above  example  is  illustrated  in  Table  6-5. 
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Table  6—5 

Computations  for  the  Determination  of  a  Megression  Line 
A  S  Z  Corporation  (See  Table  6-4} 


Year 

X 

y 

Sales  {%  in  milUofis) 

xy 

1 

2 

0 

45.0 

0 

0 

3 

1 

42.5 

1 

42.5 

4 

50.1 

4 

100.2 

5 

3 

50.6 

9 

151.8 

6 

4 

62.0 

16 

248.0 

5 

52.0 

25 

260.0 

8 

6 

53.5 

36 

321.0 

9 

7 

64.3 

49 

450.1 

10 

8 

60.1 

64 

480.8 

11 

9 

10 

73.6 

71.0 

81 

100 

662.4 

710.0 

Totals 

2a?=  55 

=  624.7 

=  385 

'Exy  =  3,426.8 

Results  from  this  table  can  be  substituted  into  Eqs.  6-6  and  6-7: 

«  =  X  385)  -  (55  X  3,426.8)  „ 

(H  X  385)  —  (55)2 

ft  _  (11  X  3,426.8)  -  (55  X  624.7) 

(11  X  385)  —  (55)2  — 


Thus,  the  equation  of  the  line  is 

Y  =  43.0  -f  2.8j;  (g.^) 

and  it  is  plotted  in  Fig.  6-8. 


Figure  6-8.  Sales  regression  line  for  A  &  Z  CorporaUon 

(See  Tables  6-5  and  6-6) 
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The  computation  may  be  somewhat  simplified  when  x  is  selected  in  such  a 
manner  that  =  0,  so  that  the  formulae  6-6  and  6-7  are  reduced  to 


il 

(6-9) 

6=^ 

(6-10) 

It  is  still  necessary  to  find  and  this  is  shown  in  Table  6-fi.  The 

location  x  =  0  is  simply  taken  at  the  middle  point  of  the  given  range  for  the 
x’s,  when  these  are  known  at  uniform  intervals.  In  our  case  =  0  is  therefore 
taken  at  the  sixth  year. 


TaMe  6-6 


M'&difi&I  Computation  for  a  Regression  Line 
A  &  Z  Corporation  (See  Table  6-4) 


Tear 

X 

f 

ay 

1 

—  5 

45.0 

25 

-225.0 

2 

_4 

42.5 

16 

-170.0 

3 

-3 

50.1 

9 

-150.3 

4 

—  2 

50.6 

4 

-101.2 

5 

-1 

62.0 

1 

—  62.0 

6 

52.0 

0 

0 

"1 

-f-1 

53.5 

1 

4-  53.5 

8 

-f  2' 

64.3 

4 

4-128.6 

9 

60.1 

9 

+  180.3 

1§ 

+4 

73.6 

16 

+294.4 

il 

-f  5 

71.0 

25 

+  355.0 

Totals 

Sa-  =  0 

Tf  =  624.7 

Ex2  =  110 

Yxy  —  303.3 

It  is 

apparent  from  Table  6-6  that  now 

Sfr  =  0,  SO  that  Eqs.  6-9  and  6-10 

can  be  used: 


a 

b 


624.7 
. . 11 

303.3 

110 


56.8 

2.8 


and  the  equation  of  the  line  is 

Y  =  56.8  -f  2.8a; 


(6-11) 


Comparison  of  the  two  results,  Eqs.  6-8  and  6-11  reveals  that  the  slope  is  the 
same  and  only  the  intercepts  are  different.  This  is  only  to  be  expected,  as  the 
origin  is  placed  differently  in  the  two  eases.  These  intercepts  (43.0  and  56.8, 
r^pectively)  are  signified  by  the  ordinates  at  a:  =  0,  but  in  the  first  case  the 
ordinate  is  related  to  year  1;  in  the  second,  to  year  6  (see  Fig.  6-8).  To  see 
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wliettier  condition  6—3  (regarding  the  sum  of  the  differences  in  coordinates  of 
the  Hue  and  the  given  data)  is  satisfied,  examine  the  calculations  carried  out 
in  Table  6-7. 

Table  6-7 

Examination  of  the  Regression  Eine 

Y 


Year 

{calculated  by  Eq.  6-8) 

Y~y 

(Y  -gV 

1 

43.0 

-2.0 

4.0 

2 

45.8 

3.3 

10.9 

3 

48.6 

-1.5 

2.3 

4 

51.4 

0.8 

0.6 

5 

54.2 

-7.8 

60.8 

6 

57.0 

5.0 

25.0 

7 

59.8 

6.3 

39.7 

8 

62.6 

-1.7 

2.9 

9 

65.4 

5.3 

28.1 

10 

68.2 

-5.4 

29.2 

11 

71.0 

0 

0 

2(F- 

Sf)  =  2.3  2(F- 

-  =  203.5 

The  fact  that  E(  1  —  y)  is  not  exactly  zero  is  due  to  the  inaccuracies  in  calcula¬ 
tions,  since  arithmetically  b  =  2.76  and  not  2.8,  and  this  slight  discrepancy 
accumulates  as  we  proceed  along  the  regression  line.  This  also  accounts  for 
Fg  =  57.0,  whereas  through  the  calculations  of  Table  6-6,  the  intercept 
®  =  ^6  =  56-8.  The  inaccuracy,  however,  is  very  small  and  it  can  be  justifiably 
ignored.  The  reader  can  try  to  repeat  the  above  calculation  for  S(F  —  y)  by 
using  Eq.  6—11  instead  of  Eq.  6—8  and  show  that  the  discrepancy  is  thereby 
greatly  diminished.  This  is  because  the  accumulated  error  due  to  the  computa¬ 
tional  inaccuracy  in  determining  b  is  smaller  when  an  ordinate  of  a  point  on  the 
regression  line  is  calculated  at  the  middle  of  the  range  rather  than  at  one  end  of  it. 

The  standard  error  of  estimate  can  now  be  found  by  the  formula 

/2(r  -  yf 

^  (6-12) 

This  stendard  error  of  estimate  simply  implies  that  95  per  cent  of  the  data  are 
expected  to  fail  within  limits  of  4:-^  of  the  regression  line.  In  our  case 

/203.5  ,  ^ 

Here,  again,  it  should  be  noted  that  the  computational  inaccuracy  of  b  causes  a 
slight  error  in  s,  but  within  the  limits  of  accuiacy  of  our  data,  this  r^ult  is 
adequate.  Cbntrol  lines  of  ±25  are  shown  in  Fig.  6-9.  I^ow,  if  the  sales  forecast 
for  the  twelfth  year  is  |74  million,  being  the  ordinate  of  the  regre^ion  line  for 
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ymr  12,  atui  i<h(^  ac-l/ua/l  muJc^h  l/iirn  (mi</  to  f)o  |H()  million,  IJm  orror  in  roro(!aHtiii|r 
can  Ik^  aUribui(^(l  to  cfiamui  llnctiiationn  and  not  U>  (  ho  init-dc(jn,«mv  IJic  fnn^. 
cantin^^  rmdJiod.  What  in  hud.  ifi  prc(li(d/(Ml  in  thin  <^fuu^  in.  l-ho  l-rond  ofovind-H  not 
cv<Ty  individual  (W(ait  ()y  ItHolf.  Wluui  the  acf.nal  (salon  li^oircn  n.ro  u,n(^crl-aiiHMl 
th(*.ir  (h^viatioiiH  from  tin*  !n(^?m  (,r<nKl  ouJi  h<*-  (dundioil  by  (,ho  <*ord,rol  cha.rt,  If 
tins  pointHfU'C!  in  (toni/rol,  tln^  llu<d»naXionH  cuai  Ix^  adiribid/cd  (,<>  <djanc<^  va-nditionn 
and  (,hc  rruddiod  for  Idrcxia-Hl-ini^  may  numun  unaJtcnxb  If  a,  |Hjird<  faJIn  <ni(, Muh^ 
the  control  lirx^.H,  tlu^  rvanon  for  thin  departures  from  (,h<*  igaurnl  tnuul  rnunt  h(i 
Hought,  and  tlu^  nituation  can  them  (h‘  res  (^valua(<<^d  (nuedi  an  in  (Jus  esanes  of  th(i 
thirtcHuith  yesar  in  Fi^.  (i  !)). 


Figures  (I  4).  A  emitml  Bulm  ehurt  with  m  ragrmHkm  linn. 


The  case  is  mores  (sornplica4/<sd  whesn  tnsndH  ans  nol,  lirnuu*  but  a-ns  nslatcsd  to 
fimctions  of  a  higlusr  desgreses  or  ares  fasrienlies  in  nad/Uns.  BaniesaJly,  liowesvesr,  the 
approach  is  the  Harms:  I  hes  past  tr*(snd  in  (sxf)r'(sHH(sd  in  a  rnal/hesma/tiesaJ  form,  whiesh 
provides  a  tool  for  presdicting  this  futures  tresnd.  Miies(uia(a“e)nH  ar*es  wadnhesd  with 
the  aid  of  control  lirnitH,  desviatieiiiH  ares  Hi-ueliesd  for  fsoHHibles  esauHesn,  and  the 
mathematical  formulatie>n  e)f  thes  gesrusral  tr‘esnd  is  esritiesally  esvaJuatesel  and  modi¬ 
fied  as  more  actual  saless  figuress  besesesmes  kmrwn. 

Forecasting  in  seasonal  demand 

The  study  of  seasonal  demand  is  vesry  irnf)e>rtant  for  f)re)duestie)n  ami  invesrdnry 
control  The  nature  of  sales  fluestuationa  frum  e>n(s  Hesa,He)n  to  thes  oidiesr  irr  tesrms  o  f 
amplitude  and  regularity  and  thes  gemsral  tresnd  (if  a-ny)  on  whiesii  thews  fluestua- 
tions  are  superimposed  present  an  int.riguing  probienr^  te)  forescastesrs.  Ilesre, 
again,  the  past  is  analyzed  with  thes  viesw  tei  finding  seams  pattesrn  that  may  give 
a  clue  to  the  future  behavior  of  the  system. 

First,  to  illustrate  a  seasonal  demand  without  the  esHoest  of  gevmsral  tresnds,  a 
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tiiree-year  sales  record  of  a  company  is  given  in  Table  6-8  and  Fig.  6—10.  A 
preliminary  examination  of  this  record  shows  that  the  three  years  do  not  sub¬ 
stantially  differ  from  each  other.  Sales  soar  in  December  and  dip  in  July,  the 


ratio  between  the  two  months  sometime  exceeding  2:1 .  The  annual  sales  do  not 
seem  to  fluctuate  much,  the  difference  between  the  first  and  second  year  being 
about  2|  per  cent. 


Table  6-8 

Three  Years’  Sales  Record  mith  m  Seascmai  Bemmmd; 
B  S  Y  Iwtcorpormted 


Jan. 

Year  1 
242 

Feb. 

232 

Mar, 

215 

Apr. 

196 

May 

176 

June 

165 

July 

135 

Aug. 

181 

Sept. 

214 

Oct. 

261 

Nov. 

278 

Dec. 

328 

Year  2 

Year  3 

238 

250 

235 

215 

226 

210 

210 

200 

180 

182 

156 

172 

148 

150 

158 

175 

231 

225 

250 

240 

250 

260 

280 

zm 

Total  2,623  2,562  2,570 


124  Produdion  Planning  and  Control 

The  seasonal  cycle  becomes  more  evident  when  a  3-month  moving  total  is 
plotted  (Table  6-9,  Kg.  6-11).  A  3-month  total  for  any  month  is  defined  here  as 
the  sum  total  of  sales  in  that  particular  month  and  in  the  two  preceding  it.  Thus 
the  3-month  total  for  March  of  year  1  is  the  sum  of  the  sales  during  January, 
February,  and  March  of  year  1  (i.e.,  242  -f  232  -f  215  =  689).  The  3-month 
total  for  April  is  obtained  by  taking  the  total  for  March,  subtracting  from  it  the 
sales  of  January,  and  adding  the  sales  of  April  (689  —  242  -f  196  =  643),  etc. 


Figure  S-11.  A  tkree-momth  mowing  total  (See  Table  6-9) 


in  this  way  the  3-moiith  totals  are  established  for  each  month  (Table  6-9)  and 
the  moving  total  can  be  plotted  (Fig.  6-11).  Similarly,  a  12-month  total  is 
defined  as  the  sum  total  of  sales  in  the  last  12  months.  The  12-month  total  of 
December  is  thus  equal  to  the  annual  sales.  The  12-month  total  for  January  is 
obteined  when  sal^  for  the  current  January  are  added  and  the  sales  of  the 
preceding  January  are  subtracted  from  the  12-month  total  for  December,  etc. 
The  12-month  totals  for  B  &  Y  Inc.  are  indicated  in  Table  6—9,  and  the  moving 
total  is  shown  in  Fig.  6-12. 
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Figure  6-12.  A  iwelwe-momth  mowing  total*  B  &  Y  In€€yr- 
pormted  (See  Table  6-9) 
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XaIiIc  6—9 

Av&tages  and  Moving  Totals;  B  db  Y  IncorpoTated 
(See  Table  6-8) 


3-Month  Moving  Total  12-Month  Moving  Total 


Year  1 

Year  2 

Year  3 

Average 

Year  2 

Year  3 

Jan. 

844 

780 

812 

2,619 

2,574 

Feb. 

801 

745 

773 

2,622 

2,554 

Mar. 

689 

699 

675 

688 

2,633 

2,538 

Apr. 

643 

671 

625 

646 

2,647 

2,528 

May 

587 

616 

592 

598 

2,651 

2,530 

June 

537 

546 

554 

546 

2,642 

2,546 

July 

476 

484 

504 

488 

2,655 

2,548 

Aug. 

481 

462 

497 

480 

2,632 

2,565 

Sept. 

530 

537 

550 

539 

2,649 

2,559 

Oct. 

656 

639 

640 

645 

2,638 

2,549 

mv. 

753 

731 

725 

736 

2,610 

2,559 

Dec. 

867 

780 

800 

816 

2,562 

2,579 

The  curve  of  the  moving  total  has  the  advantage  that  it  removes  the  crests 
and  valleys  of  the  monthly  fluctuations  and  shows  the  seasonal  regularity  that 
ref^ats  itself  in  the  three  years.  The  number  of  months  that  should  be  taken  for 
a  moving  total  depends  on  the  length  of  the  cycle.  As  a  rule,  the  more  months 
(or  other  time  units)  are  included  in  the  moving  totals  the  smoother  the  final 
curve,  the  more  it  damps  crests  and  valleys,  and  the  less  details  it  can  offer 
about  the  cycle  characteristics.  It  is  like  studying  geographical  topography: 
When  the  observer  stands  on  the  surface  of  the  earth,  he  can  see  all  the  undula¬ 
tions,  but  his  vision  is  limited.  As  he  rises  above  the  surface,  his  vision  has  a 
wider  scope,  the  details  that  obstructed  his  sense  of  judgment  become  slightly 
obliterated  and  can  be  more  objectively  placed  and  related  to  the  general  topo- 
graphy  of  the  area.  But  when  the  observer  rises  too  high,  details  become  too 
Murr«i,  until  it  becomes  impossible  to  compare  heights  of  areas.  In  order  not  to 
lose  sight  of  too  many  details  of  the  demand  cycle,  a  3 -month  moving  total  is 
generally  adopted  when  the  seasonal  cycle  is  of  12-month  duration.  It  is  readily 
seen  from  Table  6-9  and  Fig.  6-12  that  when  a  moving  total  covering  the  whole 
cycle  is  taken  (in  this  case  12  months),  the  seasonal  fluctuations  disappear 
completely.  This  moving  total,  however,  can  be  used  to  bring  out  long-term 
cycles  and  general  annual  trends  in  the  sales  volume. 

The  12-month  moving  total  in  Fig.  6-12  appears  to  be  fairly  steady.  The 
average  of  this  total  in  the  third  year  is  lower  by  3,0  per  cent  than  that  of  the 
second  year,  and  the  maximum  discrepancy  between  the  two  years  (in  April)  is 
4.5  per  cent.  As  no  apparent  trend  of  this  curve  can  be  ascertained  (the  yearly 
average  of  the  totals  seems  to  be  greatly  affected  by  December  sales],  the  fourth 
year  may  be  assumed  to  resemble  the  past,  provided  there  is  no  reason  to  expect 
changes  in  the  state  of  business  in  general  or  in  the  type  of  commodities  this 
firm  is  marketing. 


12()  l^roduvlion  lemming  and  (Umlnd 


in  Uiih  cwk^  (^iin  on  for  rnoni.li 

of  ih(5  f)aHt  thnn^  ycuirH  (Mc^MhkI  A)  (tv  on  ih(^  nv<‘raj/o  niufii}»  nnivini';  |,()U| 
(Fig  ()  FI)  (M(^Uio(l  B),  (l(*,[Hai<ling  of»  wlnti.  vv('  in  Mm  f)olia.vi(»r  of 


Oil  I  i  i  M I 


Figure  (}  '13.  A  three^tmmth  mmfimff  fwimmf  far  it  f 
Inmrparutfal  {Hm'i 'Viilih  i\  10) 
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the  system.  If  we  have  reason  to  believe  that  monthly  sales  are  independent  of 
previous  months,  the  first  method  should  be  adopted,  while  preferring  the  second 
method  implies  that  we  perceive  a  compensating  mechanism  in  the  system, 
whereby  undersales  last  month  will  tend  to  increase  sales  this  month,  etc.  The 
two  methods  are  shown  in  Table  6—10,  where  the  forecasts  are  compared  with 
actual  sales  figures.  The  absolute  error  (arithmetic  addition  of  errors,  irrespective 


2,700 

•1^  2,600 
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S  2,500 

u 

2,400 


Av.  2ncl  year 
Av.  3rd  year 
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a  a 
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Figure  6-15.  Tmelve-momth  Tnoving  total  fourth  gear, 
B  &  Y  Incorporated  (See  Table  6-10) 


Figure  6-16.  Ac^cMMvuImMrm  sales  (fomr-gear),  B  &  Y 
porated 


of  their  sign)  is  about  10  per  cent  for  both  forecasts,  but  it  appears  that  Method 
A  is  preferable  here  because  the  total  error  is  smaller  than  that  obtained  by 
Method  The  <x>mparison  of  forecasts  with  actual  sales  figures  is  given  in 
Kgs.  6—14  and  '6-15,  and  the  accumulative  sales  curve  is  shown  in  Fig.  6-16. 
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Table  0-10 

Sales  Poreemst  for  B  &  Y  Incorporated 
I  See  also  Table  6-9) 


MeiMiA 


MeiMM 


MmiiMn  MmtMy 
Arercgf  Gj  F^rimsi 
ImM  Tkrei 
Tears 


3-moniA  Freriom  Forecmt  Actual  Error 

Moriiig  2-month  =  difference  Sales  (see  - - 

Fonmsi  Sales  between  last  tico  Fig.  S-ld)  Forecast  Forecast 
ctdumm  (A)  (B) 


3m. 

243 

240 

Feb. 

.>.1^ 

230 

Mar. 

217 

220 

Apl. 

202 

2CMI 

May 

179 

ISO 

Jime 

164 

im 

July 

144 

140 

Asg. 

171 

i:o 

Sept. 

223 

220 

OcE. 

250 

250 

Xov. 

263 

260 

Itec. 

»3 

an 

SIO 

560 

250 

760 

560 

200 

TOO 

510 

190 

650 

492 

160 

600 

435 

170 

540 

364 

180 

490 

346 

140 

460 

313 

170 

540 

338 

200 

640 

400 

240 

740 

420 

320 

620 

520 

300 

Total 

Absolute  error 
Total  error,  % 
AlKoInte  error. 

o/ 

t  /o 

260 

— 

20 

_ 

10 

250 

_ 

20 

50 

242 

— 

22 

_ 

52 

193 

+ 

7 

_ 

33 

171 

+ 

9 

_ 

1 

175 

— 

15 

+ 

5 

138 

+ 

2 

2 

200 

— 

30 

_ 

30 

200 

+ 

20 

0 

220 

+ 

30 

+ 

20 

300 

__ 

40 

+ 

20 

350 

— 

50 

— 

50 

2,699  -129  -179 

265  273 

-  4.8  -  6.6 

9.8  10.1 


A  trend  analysis  in  seasonal  demand 

The  ease  of  a  seasonal  demand  with  an  upward  trend  can  be  tackled  in  a  similar 
manner.  The  12- month  moving  total  in  Fig.  6-17  evidently  shows  an  upward 
trend  in  sal^  and  this  trend  is  linearj  as  far  as  one  can  Judge,  the  yearly  incre¬ 
ment  being  A  imiis.  This  means  that,  on  the  average,  the  sales  volume  of  each 


Figure  6-17.  .4  ficelre-month  moving  total  with 

upwards  sales  trend 


an 
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montii  exceed  the  corresponding  month  in  the  preceding  jear  by  A.  The 
sales  record  for  the  past  three  years  are  given  by  the  matrix: 

Year  3 


Month 

Year  1 

Year  2 

Jan. 

^'1,1 

^2,2 

Feb. 

%,2 

t’2,2 

Mar. 

■^2,3 

^2,3 

Dec. 

%,12 

^’2,12 

^^3,2 

^3,3 

^3.i 

^3,12 


-  vuiuixic  jjLi  him  jhu.  monm  oi  rne  sm  year,  etc.  naa  tne 

general  trend  remained  stationary,  this  record  would  read  in  terms  of  the  next 
year’s  sales  as  follows: 


Monih 

Jan. 


Year  1  Year  2  It  ear  3  Aperag^e 

+  3A  ti  .^1  -f  2A  +  A  Fi  =  +  t?2,i  +  «?3,i)  +  2A 


Dec.  _|_  3A  _|_  2A  -f  A  +  %,i2)  -f 

In  other  words,  all  the  figures  have  been  “translated”  to  next  year’s  level;  hence 
the  forecast  based  on  the  monthly  average  of  previous  yeare  is  simply 
(forecast  for  January  next  year)  =  #2  =  V^;  etc.  Similarty,  when  the  exist¬ 

ing  record  consists  of  n  previous  years,  the  forecast  becomes 


F.: 


■  “  /  I  -I - ^ —  A 


(6-13) 


and  other  types  of  trends  (nonlinear,  cyclic,  or  combination  of  both)  can  be  dealt 
vdth  in  very  much  the  same  way. 

An  interesting  example  of  seasonal  demand  with  an  upward  trend  is  illustrated 
in  Fig.  6-18,  where  monthly  figures  for  domestic  electricity  consumption  for 


—  12-moiitli  moving  average 


Figure  6-18,  Domestic  electrieify 
consumption^  1 94^- 1 955. 
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1948-1955  are  plotted.  Peak  consumption  is  jegistered  in  the  winter  months, 
mainly  in  January,  and  a  trough  is  recorded  in  the  summer  season.  In  the  12- 
month  moving  average  curve  the  seasonal  fluctuations  disappear  and  the  trend 
seems  to  be  so  clear  that  a  graphical  extrapolation  is  fairly  easy,  although 
mathematically  its  function  may  be  more  difficult  to  express  because  the  average 
curve  is  not  linear. 


The  use  of  indicators  and  correlation  analysis 
Analysis  of  trends  as  a  function  of  time  is  a  fascinating  problem,  and  the 
interested  reader  will  find  a  lot  of  literature  published  on  the  subject  in  recent 
years.  This  analysis  may  be  simple  enough  when  definite  trends  as  a  function  of 
time  can  be  ascertained.  However,  in  most  cases  the  system  is  sensitive  to  other 
factors,  and  the  purpose  of  a  correlation  analysis  to  show  the  relation  between 
cause  and  effect.  Suppose  we  had  product  sales  that  follow  the  Federal  Reserve 
Board  Index  after  a  time  lag  of  three  months,  and  that  the  relation  between 
sales  and  the  FRB  Index  is  suggested  by  Fig.  6-19.  This  correlation  implies  that 
once  the  FRB  Index  is  published,  the  sales  volume  can  be  predicted  well  in 
advance.  Naturally,  the  correlation  has  to  be  constantly  checked,  and  the  curve 
must  be  modified  as  more  data  become  available,  but  as  long  as  the  correlation 
is  valid  and  suggests  a  cause-and-effect  pattern  of  events,  the  FRB  Index  in  this 
case  may  be  considered  what  is  termed  the  predictor  or  indiccdor* 


Figure  6-19.  A  simple  correlation 
analysis. 


In  the  absence  of  clear-cut  cause-and-effect  systems,  forecasters  often  resort 

to  the  use  of  any  predictor  that  appears  to  indicate  in  advance  trends  in  the 
behavior  of  the  system.  For  instance,  when  a  correlation  analysis  reveals  that  the 
sales  of  a  commodity  x  moves  synchronously  with  those  of  &  given  companj ’s 
product,  the  curve  for  a:  leading  by  a  known  time  interval,  then  x  may  be  a  very 
useful  pi^ctor.  Sometimes  one  commodity  has  to  be  chosen  to  predict  an 
upsmge  m  sales  and  another  to  indicate  an  impending  decline.  The  selected 
predictors,  however,  are  sometimes  so  remotely  related  to  the  system  under 
consideration  that  one  can  only  shake  one’s  head  with  skepticism  at  the  loudly 
proclaimed  reliabOity  and  accuracy  that  are  attributed  to  any  forecasting 
mechamsm  in  which  these  predictors  play  a  predominant  role. 
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When  the  expression  of  sales  in  terms  of  one  variable  is  inadequate — and  this 
is  usually  the  case — a  number  of  factors  have  to  be  taken  into  account  in  what  is 
caled  a  nvuMiple  correlation  analysis.  An  example  of  a  graphical  presentation  of 
such  a  relationship  in  terms  of  two  variables  is  shown  in  Fig.  6-20.  The  sales 
function  V  =  f{x,y)  is  determined  after  a  correlation  with  factors  z,y  is  carried 
out.  Thus,  for  a  situation  where  x  —  160,  y  =  14,  we  may  expect  a  forecast  as 
diown  by  the  arrow  in  Fig.  6-20.  The  mapping  of  such  curves  can  often  be  made 
possible  only  when  a  considerable  amount  of  reliable  data  have  been  accumu¬ 
lated. 


forecast  is  normally  expressed  as  a  formula  in  terms  of  several  variables.  Often 
this  is  a  linear  expression,  such  as 

F  +  ^2^2  +  •  •  •  +  (6—14) 

where  the  a’s  are  coefficients  and  the  x\  are  the  pr^etom.  This  is  an  attractive 
method,  but  ite  main  difficulty  lies  in  the  selection  of  the  relevant  variables. 
Mathematicians  have  shown  time  and  again  that  they  are  capable  of  producing 
excellent  expressions  that  accurately  fit  past  events.  To  include  that  these 
win  also  fit  the  future,  or  rather  that  the  future  will  fit  into  their  framework,  is 
often  too  presumptuous.  Apart  from  the  fact  that  different  expressions  can  be 
devis^ed  to  represent  the  same  past,  it  has  b^n  stressed  by  many  authors  that 
the  crucial  step  in  multiple  correlation  analysis  is  the  choice  of  variable.  This 
pimppraisal — with  its  assumed  objectivity,  natural  prejudices,  or  mere  ignor- 
an<»  of  the  facts — determines  the  succ^  or  failure  of  the  analysis  far  more  than 
the  accuracy  of  the  mathematical  methods  us«i  to  arrive  at  the  final  expressions. 

Comhinafion  of  methods 

When  great  benefits  are  to  be  derived  from  accurate  forecasts  (as,  for  instance, 
in  consumer  gcxxis),  cx>mpanies  very  often  prefer  to  rely  on  more  than  one  method. 
Resiilte  obtained  from  different  sources  and  by  different  techniques  can  thus  be 
<x>mpmri^,  and  from  its  past  experience  the  company  can  judge  the  relative 
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values  and  reliabiity  of  the  methods  used.  A  company  may,  for  instance,  have 
the  foHowing  methods: 

1 .  A  forecast  extrapolated  graphically  from  trend  of  sales 

2.  A  simple  or  multiple  correlation  analysis 

3.  Total  of  sales  managers"  (or  agents"  or  retailers")  estimates 

4.  Total  of  product  by  product  (and/or  model  by  model)  forecasts 

Results  fi-om  the  four  methods  may  then  be  compared  and  analyzed  by  an 
authoritative  body  vit,hin  the  company  and  a  procedure  set  up  to  finalize  the 
forecast  figures. 

Effects  of  Forecast  on  the  Production  Order 

It  would  be  erroneous  to  assume  that  the  monthly  forecasts  can  be  issued  to 
the  production  department  in  the  form  of  a  production  order.  The  discrepancies 
between  the  forecasts  and  reality  are  reflected  in  the  stock  level,  and  it  is  often 
desirable  to  take  this  fact  into  account  when  the  production  orders  are  worked 

out. 

A  case  of  such  an  effect  of  the  forecast  on  the  production  order  is  shown  in 
Table  which  is  related  to  the  example  of  seasonal  demand  discussed  above. 

Suppose  it  is  decided  to  have  a  safety  stock  of  an  average  monthly  sales  (in  this 
ease  2'CM)  units,  column  1).  The  available  stock  at  the  beginning  of  the  month 
I  column  2)  Is  the  same  as  the  balance  at  the  end  of  the  preceding  month 
leolumn  5).  which  is  obtained  simply  by  taking  into  account  the  difference 
between  production  and  sales  figures  (or:  column  5  =  column  2  ~f  column  3 
—  column  4).  The  target  stock  desirable  at  end  of  next  month  is  the  safety  stock 
plus  the  forecast  figure  of  the  next  month  but  one  (the  forecasts  are  taken  from 
Alethod  A  coluniii,  Table  6—10).  The  quantity  required  from  the  production 
department  is,  therefore,  obtained  in  the  following  way: 

Stock  at  end  of  month  {column  5)  minus  quantity  believed  mil  be  sold  next 
month  I  column  6)  plus  quantity  that  should  be  produced  next  month  (column 
8)  iquals  target  stock  at  end  of  next  month  (column  7)  or 

column  8  =  column  7  —  column  5  +  column  6. 

Example 

The  quantity  order^  from  the  production  department  at  end  of  August  for 
September  is 

450  —  386  +  220  =  284  ^  280  units 

This  example  is  based  on  several  assumptions  that  perhaps  should  be  pointed 

out  here: 

1.  There  is  no  time  lag  in  obtaining  information  about  sales  volumes  in  the 
current  month  and  the  figures  are  available  when  the  production  order  is  to  be 
specified— wMch  in  reality  is  not  always  so. 

■2.  Xo  lead  time  is  required  to  put  the  order  into  effect,  and  the  quantities 
produced  are  indeed  equal  to  those  specified  in  the  previous  respective  months 
(see  Table  6-11), 


Table  6-11 

Effect  of  Foreemig  on  Production  Orders 
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Tile  method,  however,  can  be  easily  modified  to  overcome  these  difficulties. 
When  final  sales  figures  are  not  available,  estimates  can  be  used,  and  if  production 
schedules  have  to  be  planned  more  in  advance  and  the  desirable  quantities  in 
column  8  cannot  always  be  complied  with,  the  computation  should  be  adjusted 
acmrdingly. 

The  effect  of  the  forecast  on  stock  variations  is  shown  graphically  in  Fig. 
6-21.  For  the  sake  of  simplicity  it  is  assumed  here  that  the  quantity  produced 
^ch  month  is  transferred  to  stock  only  at  the  end  of  the  month;  hence  the  saw- 
shaped  curve  with  the  vertical  upsurges,  which  indicate  the  monthly  quantities 
produced.  Inaccuracies  in  forecasting  lead  to  fluctuations  in  the  miniTymm  stock, 
the  level  of  which  is  quite  often  below  the  specified  desirable  safety  stock. 
Figure  6-22  shows  that  for  a  hypothetical  case,  when  forecasts  are  accurate  and 
coincide  with  the  actual  sales  figures,  the  specified  safety  stock  is  invariably 
reached  at  the  end  of  the  month.  This  difference  between  the  two  cases  has  an 
effect  on  the  average  quantity  held  in  stock  and  is  of  prime  importance  when 
decisions  about  the  size  of  the  safety  stock  have  to  he  taken.  Naturally,  in  a 
system  that  has  a  pattern  shown  in  Fig.  6-22,  the  risk  of  running  out  of  stock 
is  smaller  than  that  in  Fig.  6-21,  and  a  smaller  safety  stock  may  be  allowed 
(turning  all  the  other  conditions  and  considerations  are  the  same). 
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Accuracy  of  Forecasts 

Wliat  accuracy  is  achieved  in  sales  forecasting  in  practice?  An  interesting 
survey  of  sales-forecasting  practices,  which  was  carried  out  by  the  American 
Management  Association  in  1956,  covered  297  companies,  about  two-thirds  of 
which  had  an  annual  sales  volume  less  than  $50  minion  (the  median  of  annual 
sales  being  $27  million).  Some  results  of  this  survey  are  given  in  Table  6-12. 
Of  the  248  companies  that  responded  to  the  question  of  forecasting  accuracy,  it 
appears  that  aU  the  companies  belonging  to  the  class  of  consumer  nondurable 
goods  (group  G)  could  boast  of  having  forecasts  within  10  per  cent.  In  all  the 
other  groups,  however,  the  scatter  of  errors  was  rather  wide,  and  while  some 
<x)mpanies  seemed  to  enjoy  an  accuracy  of  0  to  2  per  cent,  others  seemed  to  be 
off  the  mark  by  30  and  even  50  per  cent.  The  average  error  was  8  per  cent,  while 
the  median  was  down  to  5  per  cent. 


Table  6-12 

Ac€mrucy  of  Sales  Forecasting  in  Practice 
(AMA  Survey  in  U.S.,  1956) 

AT  r  TiT  r  Frror  of  Forecast  {%} 

Numb-^-  NunA-er  _ Z _ ^ 


Group  Type  of  Product 

Sumeyed 

Responded 

Av'&^age 

Median 

Range 

A 

Capital  and  industrial  goods; 
e.g-,  machine  tools,  tele¬ 
phone,  broadcasting,  railway 
and  materials  handling 
equipment 

38 

32 

9.2 

6 

2-29 

B 

Industrial  and  office  acces- 
sori^;  e.g.,  pumps,  instru¬ 
ments,  light  office  machinery, 
industrial  ftmiiture 

29 

26 

5.9 

4 

0.5-30 

C 

Components,  machine  parts, 
and  assembli^ 

75 

58 

Il.O 

9 

0-50 

D 

Materials  for  manufacturing; 
e.g.,  chemicals,  metals,  plas¬ 
tics,  rubber 

47 

42 

7.5 

6.5 

1-28 

E 

Industrial  and  office  supplies; 
e.g.,  lubricants,  paper  and 
packaging  materials 

12 

11 

7.1 

5 

0.5-20 

F 

Consumer  durable  goods;  e.g., 
automobiles,  electrical  ap¬ 
pliances 

34 

30 

8.7 

8 

0-22 

a 

Consumer  nondurable  goods; 
e.g.,  foods,  drugs,  ccsmetics 

38 

29 

4.2 

4 

0.3-10 

H 

Misoellaneous;  e.g.,  agricultural 
equipment,  militery  aircraft 

9 

7 

7.7 

4 

2-15 

I 

Services  and  trade;  e.g-,  trans¬ 
portation,  insurant 

15 

13 

6.2 

3 

1-30 

Total 

297 

248 

8.0 

5 

0-50 
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HO'WeYer,  it  must  be  borne  in  mind  that  tbe  errors  cited  are  deviations  of  the 
actual  Mai  sales  of  each  company  from  the  total  sales  forecast.  Some  of  these 
companies  deal  with  thousands  of  products  each,  and  it  is  therefore  obvious  that 
the  forecasting  experience  of  the  company  varies  greatly  with  the  products.  In  a 
report  to  the  American  Management  Association  conference  on  sales  forecasting 
in  1956,^  the  Coming  Glass  Works,  Corning,  New  York,  stated  the  following 
errors  in  total  sales  forecasts  for  the  company  (comprising  22  sales  departments 
organized  on  trade-channel  lines  and  covering  a  variety  of  consumer,  technical, 
and  eleciiical  producfe)  : 

Forec^t  for  1952,  —  8%  (i.e.,  8%  below  actual  sales) 

Forecast  for  1953,  —  9®o 
Forecast,  for  1954,  -^-13% 

Forced  for  1955,  4% 

It  was  stated,  however,  that  “in  a  breakdown  of  the  individual  components,  the 
re«3-rd  shows  that,  for  some  sales  departments,  our  forecasts  have  been  very 
good;  for  others,  they  have  been  quite  wide  off  the  mark.'' 

Case  Studies  in  Sales  Forecasting 

Numerous  case  studies  in  forecasting  have  been  published;  some  are  detailed, 
mme  lack  relevant  information,  some  relate  methods  that  have  been  specially 
develops!  for  one  particular  firm  or  industry  and  which  are  of  little  use  to  other 
firms.  But  essentially  their  importance  lies  in  their  evaluation  of  their  own 
methods,  in  the  accuracy  achieved,  and  in  the  price  the  company  has  to  pay  for 
inaecuiate  forecasts.  Two  example  are  related  below. 

Captol  Eecords,  Inc.,  HoHywood,  California^ 

Ihis  company's  products  include  “single”  records  (disks  usually  with  one 
selection  on  each  side)  which  are  releas^ed  as  7-inch  45  rpm,  and  “album”  records 
(with  several  features),  which  are  made  in  long-playing  12-ineh  33|-  rpm  and 
in  /-inch  45  rpm.  The  company  reported  having  26  branches  and  10 -distributors. 

The  main  problem  is  inaccurate  forecasting  because  the  market  may  vaiy 
considerably  in  size  and  the  product  very  often  has  a  short  life.  Most  of  the 
records  have  a  sales  volume  of  25,000  units,  hut  once  in  a  while  a  record  may  sell 
more  than  a  million  units  in  90  days.  Overproduction  due  to  high  sales  expeete- 
tion  l^ds  to  ob^l^>cence;  underproduction  results  in  lost  sales  opportunities, 
which  may  sometimes  be  quite  considerable  if  "'hit”  records  fail  to  be  recogniz-M 
as  such  when  forecasts  are  made.  In  order  to  rectify  the  shortconiings  of  under- 
^timates  in  the  forecast,  the  production  schedule  has  to  be  very  flexible  indeed 
to  respond  to  market  demands,  but  owing  to  the  extremely  short-lived  popularity 

®  American  Management  Association:  Sales  forecasting,  uses,  teoliniques  and  trends 

fSi^iai  re|K>rt  2^q.  16,  1956). 

*  From  reports  published  in  the  AMA  case  studies  in  Production  Forecasting,  Planning 
and  Control  fManufacturing  Serim  No.  223,  1957), 
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of  some  records,  this  is  not  always  possible.  Hence  the  major  task  of  forecasting 
is  to  tiy  to  minimize  obsolescence  on  the  one  hand  and  risks  of  underproduction 
on  the  other,  and  this  in  the  face  of  a  highly  variable  and  unpredictable  market. 

First  the  company  had  to  establish  trends  in  public  preference  of  the  various 
tjrpes  of  products  offered  to  the  market.  It  was  found  that  the  78-rpm  disk 
market  was  contracting  and  that  the  12-inch  33|  rpm  disk  was  becoming  more 
and  more  accepted,  though  the  preference  of  size  and  speed  of  disk  was  still  a 
function  of  the  repertoire.  Although  definite  trends  in  this  category  still  seem  to 
be  discernible,  the  question  of  forecasting  obviously  becomes  more  complicated 
when,  in  addition  to  trying  to  tell  how  much  will  be  sold  of  each  song,  the  fore¬ 
cast  must  also  provide  the  breakdown  as  to  sizes  and  speeds  of  records. 

The  sales  forecast  committee  at  Capitol  Records  Incorporated  prepares  semi¬ 
annual  forecasts:  a  final  forecast  for  the  coming  six  months  and  a  tentative  one 
for  the  succeeding  half-year.  The  methods  used  are: 


1 .  Field  forecast,  based  on  forecasts  prepared  by  district  sales  managers 

2.  Sales  trends,  based  on  past  record  sales  by  product  lines 

3.  Over-all  phonograph  sales  forecast,  prepared  by  the  market  research  de¬ 
partment  and  based  on  predicted  share  of  the  market  percentage 

4.  Album  product  forecast,  prepared  by  the  market  research  department  and 
based  on  analysis  of  promotion  methods  in  the  future  as  related  to  successes 
in  the  past 

The  committee  correlates  results  of  all  these  methods  and  produces  the  ficaJ 
forecast. 


In  short'- term  forecasting  (one  month  in  advance),  on  which  the  record  release 
schedule  is  based,  the  progress  and  success  of  each  artist  are  closely  studi«i  and 
actual  past  sales  show  whether  an  artist  is  a  consistent  performer  in  terms  of 
sales,  in  which  case  future  sales  of  his  records  may  be  more  accurately  predicted. 
The  distribution  of  an  advance  batch  is  another  method  for  testing  public 
reactions  before  the  general  distribution  of  the  record.  These  reactions  may  help 
in  reassessing  the  short-term  sales  forecasting. 

It  is  very  interesting  to  mention  the  accuracy  that  has  been  achieved  by  these 
forecasting  methods  in  an  industry  so  vulnerable  to  the  public  wMms  and  often 
unaccountable  preferences.  N'o  data  are  given  in  report  to  the  AMA,  but  later 
the  company  released  the  following  figures  of  errors  in  its  semiannual  forecasts 
for  its  potential  business: 


Daie  of  Forecast 


#or  Ae  period 


ISIovember,  1956 
April,  1957 
October,  1957 


Jan.-Jone,  1957 
1957 

Jaji.-Jtine,  1958 


Error  of  Foremst  in 
Rdatum  to  Sodes 

-11% 


! 


+  15% 


The  error  of  +15  per  ^cent  in  the  forecast  for  January  to  June,  1058,  was 
attributed  to  the  effects  of  the  Spring  recession  of  1958,  which  were  greater  than 
anticipated,  and  to  the  influence  on  the  market  of  stereophomc  disks,  which  were 
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iatrodiimi  earlier  than  anticipated.  The  forecasters  believe  that  by  currently 
reviewing  their  methodsj  they  have  been  constantly  improving  their  accuracy. 

Easfanan  K«iak,  Moch^ter,  Mew  York® 

The  company  produces  a  variety  of  products,  but  the  report  to  the  AMA  is 
confined  to  photographic  prcKiucts  (which  account  for  two-thirds  of  the  total 
sate).  These  include  durable  goods,  nondurables,  and  services.  The  techniques 
used  for  sales  forecasting  vary  firom  product  to  product. 

Fhst  a  general  economic  survey  is  prepared  twdce  yearly,  and  it  includes  an 
economic  forecast  for  the  mming  year  and  for  a  five-year  total  in  terms  of  gross 
national  product,  disposable  income,  and  several  selected  indicators.  After 
approval  by  top  management,  the  review  is  passed  on  and  explained  to  division 
and  department  managers  in  written  form. 

Sales  forecasting  is  genemfiy  done  by  two  methods. 

The  trend  egcle  mdk{)d:  i.e.,  by  extrapolation  of  past  trends.  The  resulls  are 
reviewed  in  the  light  of  the  economic  forecast  and  modifications  are  also  made 
alter  examining  selected  predictors  that  have  proved  reliable  in  the  past. 

Mu&ijie  correlatmn  mdliod:  i.e.,  by  use  of  mathematical  formulae,  which  include 
what  reem  to  he  the  main  variable  (such  as  demographic  factors,  price 
raticK,  and  economic  indicatore). 

After  the  first  analysis,  the  company  us^  the  following  procedure: 

1.  A  statistical  projection  is  prepare,  based  on  this  analysis  and  on  the 
economic  forecast,  and  then  modifiM  by  such  factors  as  the  competitive  situation, 
size  of  dealer  inventoiies,  pricing  {wlicies,  and  sales  promotion  plans. 

2.  Conferences  are  held  with  executive  responsible  for  the  company's  policy, 
who  can  contribute  and  adjust  the  forecasts. 

3.  Hie  Finished  Froduets  Committee  (made  up  of  a  vice-president  and  top 
managers  r^ponsible  for  sal^,  production,  advertising,  finance,  etc.)  gives  ils 
final  approval. 

These  methcnis  have  been  cMinstently  evaluated  and  modified,  and  the  com¬ 
pany  claims  that  in  the  pericxi  1032  to  1956,  the  sales  forecast  deviated  from 
actual  sales  by  less  than  10'  per  cent  in  aE  hut  4  years  (the  exceptions:  1932, 
1S37,  1941,  1950,  the  last  two  being  connected  with  United  States  entering  a 
war),  while  in  15  yeais  the  deviations  were  less  than  5  per  cent. 

Summary 

Sales  forec^tmg  is  an  indispensable  preplanning  tool,  that  guides  the  firm’s 
actirities  and  determines  the  efBcient  utilization  of  its  resources.  It  provides 
data  on  -H-hich  management  decisions  have  to  be  taken:  decisions  relating  to 
production  volumes,  inventories,  budgeting,  pricing,  and  long-term  planning  of 
the  firm’s  future  development.  Market  r^earch  is  basicaUy  a  study  of  the  factors 

®  From  report  published  in  the  AMA  case  studies  in  Production,  Planning  and  Centred 

I  General  Management  Seri^  2^o.  iS8, 1957). 
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tiiat  restrict  consumption,  the  main  ones  being:  the  product  and  its  limitations, 
the  consumer,  competition  and  saturation,  distribution  methods,  and  the  state 
of  business  as  a  “whole.  In  making  the  forecast,  several  methods  are  used,  such 
as  general  economic  trends,  share  of  the  market,  sales  trend  analysis,  simple  and 
multiple  correlation  analyses,  sales  managers’  estimates,  or  combinations  of 
these  methods  for  correlation  purposes.  Predicting  the  future,  however,  is  a 
difficult  task,  and  the  validity  and  accuracy  of  the  collected  data  do  not  always 
(X)me  up  to  the  production  engineer’s  expectations.  A  survey  in  the  United 
States  of  some  250  firms  indicates  that  the  average  forecasting  error  amounts  to 
8  per  cent  (the  median  being  5  per  cent),  with  wide  variations  reported  within 
mdusiry  groups. 
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ProMems 

1.  Discus  the  importance  of  sales  for^asting  for  production  scheduling. 

2-  Devise  a  questionnaire  for  the  purpose  of  finding  the  limitations  of  a  specific 
domestic  appliance.  The  questionnaire  should  be  simple,  easy  to  comprehend 
and  to  answer,  short,  enough  to  maintain  the  interviewee’s  interest  and  co¬ 
operation,  while  at  the  same  time  long  enough  to  ensure  an  adequate  picture 
of  customers’  attitudes. 

8.  Select  a  commodity  which  in  your  view  emphasize  the  problem  of  quality  as  a 
function  of  replacement.  Discuss  the  various  that  should  te  weighed 

by  the  management  of  the  company  conoemed  when  the  qu^tion  of  materials 
quality  is  to^  be  specified  for  a  new  model  of  your  selected  product. 

4,  Why  ^ould  terms  of  sal<^  affect  sales  I  Suppose  a  new  hire-purchase  system  is 
being  studied.  Outline  the  procedure  that  should  be  followed  in  order  to 
evaluate  its  quantitative  effect  on  the  sales  forecast- 
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5.  tlie  metlioci  of  the  least  squares  to  decide  whether  in  the  example  cited  in 
the  text  for  market  share  analysis  (Table  6—3,  Fig.  6—6)  any  trend  of  the  market 
share  can  be  established. 

6.  In  Table  6-3  add  the  data  for  the  eleventh  year  (13.3%)  and  do  the  following: 

(i)  Find  the  new  average  and  verify  by  the  least  squares  whether  a  trend 
in  the  share  of  the  market  is  discernible. 

(ii)  Modifj"  Fig.  6-6  in  the  light  of  the  additional  data. 

|iii)  Wh&t  do  you  expect  the  market  share  to  be  in  the  twelfth  year? 

7.  Figure  6-9  gives  the  regression  line  with  control  limits,  calculated  on  the  given 

data  of  11  years,  as  specified  in  Table  6—4.  It  is  now  known  that  the  sales 
for  the  twelfth  year  is  $80  million.  Correct  Fig.  6-9  accordingly,  and  forecast 
the  sales  for  the  thirteenth  year. 

8.  Add  to  Table  6-4  the  figures  for  year  12  ( $80  million)  and  year  13  (81  million). 

|i|  Find  the  regre^ion  line, 
fii)  Forecast  the  sales  for  year  14. 

i.  The  sales  of  C  &  X  Corporation  in  eight  years  were  (in  millions  of  I);  5.2,  4.5, 
i.8,  9.2,  11.0,  18.5,  17.5,  22.0. 

|i)  Find  the  regr^ion  line,  following  the  method  outlined  in  Table  6-5. 
(M)  Plot  the  regression  line  and  the  control  limits. 

|iii)  Cheek  your  results,  following  Table  6-7. 

Iiv|  Use  the  modified  computational  method  (as  per  Table  6-6),  using 
=  —3.5  (for  the  first  year),  =  —  2.5,  .  .  .  ,  =  +3.5. 

ID-  Develop  a  methcMi  for  plotting  a  regression  line  of  the  second  degree,  expressed 
m  T  =  a  — '  hr  —  cj-,  and  determine  the  coefficients  a,  6,  c  by  the  criterion 
of  the  least  squares. 

11.  From  the  data  in  Fig.  6-18, 

li)  Find  an  expresion  for  the  regression  line  of  the  12-month  moving 
average  (note  that  it  is  not  linear). 

(ii)  Forecast  the  average  consumption  of  electricity  in  1956-1960. 

|iii}  Cheek  your  forecast  against  figures  for  these  years,  published  in  the 
SuTi'^ey  of  Current  Business  (or  any  other  source), 
liv]  Modify’  y'our  expression  accordingly. 

12.  From  the  data  given  in  Fig.  6-18  make  a  monthly  forecast  for  1956-1960.  Xote 

that  the  seasonal  pattern  is  magnified  with  time.  Assume  a  constant  rate  of 
magnification  per  aimum  and  base  y’our  forecast  on: 

{i|  The  regre^ion  line  you  obtained  in  the  previous  problem. 

(ii)  A  linear  trend  based  on  1952-1955. 

13.  It  was  sug^ted  that  a  simple  correlation  analysis  should  be  carried  out  to 

establish  the  rate  of  increase  in  domestic  electricity  consumption  as  a  function 
of  the  rate  of  increase  in  population.  What  do  you  think? 

14.  "ttouH  y’oii  support  a  forecasting  method  based  only  on  a  multiple  correlation 

analy’sis  that  proved  quite  reliable  for  six  years?  WTiy? 

15.  Read  several  case  studies  in  sales  forecasting  and  discuss  the  merits  and  limi- 

•tetions  of  the  use  of  indicators. 

16.  Di^ii®  the  implications  of  forecasting  on  the  manufacture  of  durable  and  non¬ 

durable  goods  and  point  out  the  difference  in  approach,  if  any,  to  forecasting 

methods  in  the  two  ca^s. 
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17.  In  the  hotel  business  it  is  useful  to  study  the  statistics  of  movement  of  passengers 
into  the  country.  Passenger  movement  into  and  out  of  the  United  Kingdom  in 
recent  years  is  shown  in  the  following  table  (figures  in  thousands) : 


Total 

194S 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

ms 

1959 

passengers 

arriving: 

By  sea 

By  air 

Total 

2,084 

502 

2,365 

583 

2,449 

710 

2,631 

865 

2,676 

922 

2.678 

1,120 

2,910 

1,259 

3,226 

1,462 

3.288 

1,850 

3,398 

2,192 

3,592 

2,342 

3,772 

2,655 

visitors 

arriving 

504 

563 

618 

712 

733 

819 

902 

1,037 

1,107 

1,180 

1,258 

1,395 

All  figures  in  thousands  (Annual  Abstract  of  Statistics,  U.K.,  1960).  Analyze 
th<^e  figures  and  determine  the  regression  lines  for  forecasting  purposes. 

18.  Figure  6—21  is  based  on  the  calculations  shown  in  Fig.  6-8.  Construct  a  similar 

table  of  calculations  for  the  hypothetical  ease  when  forecast  figures  coincide 
with  actual  sales  figures  and  check  your  r^ults  by  means  of  Fig.  6—22. 

19.  In  Fig.  6-21,  which  describes  the  fiuctuation  of  stock  due  to  forecasting,  the 

average  stock  for  the  year  is  405  units,  as  compared  with  an  average  stock  of 
424  units  in  the  hypothetical  case  of  accurate  forecasting  (Fig.  6—22).  As  each 
unit  in  stock  involves  certain  storage  costs,  the  system  described  in  Fig.  6—21 
is  le^  costly  than  the  one  in  Fig.  6—22,  Should  it  therefore  be  conclude  fibat, 
from  the  point  of  view  of  storage  costs,  inaccuracy  in  forecasting  is  a  biasing 
in  disguise?  Explain. 

20.  In  Table  6—1 1  it  was  assumed  that  the  quantities  produced  each  month  are  the 

same  as  those  specified  in  the  production  order  (column  8).  Suppose  that,  owing 
to  scheduling  considerations,  it  is  not  always  po^ible  to  comply  with  th^e 
orders  and  some  deviations  are  inevitable.  Should  the  actual  production 
figures  (column  3)  read  Dec.  300,  Jan.  200,  Feb.  250,  Mar.  200,  Apr.  200, 
May  150,  June  150,  July  200,  Aug.  200,  Sept.  300,  Oct.  250,  ISTov.  250,  Dec. 
300  (the  total  production  quantity  for  the  year  equ«ds  the  sum  of  the  monthly 
orders),  how  would  the  stock  level  be  affected?  Construct  the  tehle  on  the  lin'^ 
of  Table  6-11,  plot  the  stock  variations,  and  compare  with  Fig.  6—21. 

21.  In  its  publication,  “National  income  and  expenditure,  1958,”  the  U-K.  Central 

Statistical  Office  quot^  the  following  index  numbers  of  prices  and  coste 
(1948  taken  as  100); 

„  ^  ,  1S48  1949  19S§  19S1  19S2  19SS  WU  19S5  13M  19§7 

Home  total  cxsts 

per  unit  of  output  100  102  1^03  110  121  124  127  1»  1S9  145 

Mee  of  final  output  KX)  103  106  119  126  127  128  133  140  144' 

Is  it  reasonable  to  conclude  that  pric^  kept  pace  with  rising  cc«te? 
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PLANT  LAYOUT 


A  plant  layout  is  an  arrangement  of  facilities  and  services  in  the  plant.  It 
outlines  relationships  between  production  centers  and  departments.  A  layout 
may  either  evolve  gradually,  or  it  may  be  plaimed  for  future  operations.  The 
main  purposes  of  a  planned  layout  are  to : 

Integrate  the  production  centers  into  a  logical,  balanced  and  effective  production 
unit. 

Facilitate  satisfactory  movement  of  materials  and  personnel  and  an  efficient 
control  mechanism  of  such  transportations. 

Provide  a  logical  distribution  of  functional  facilities  in  the  plant. 

Be  adaptable  to  possible  changes  in  the  plant’s  production  program;  either 
changes  in  product  design  or  changes  in  the  required  output  may  require 
rearrangement  of  equipment  or  expansion  of  the  plant’s  facilities. 

Ensure  proper  allocation  and  utilization  of  space  to  the  production  centers  and 
to  services  departments. 

Allow  eonvenienee  of  operation  both  to  operators  and  supervisors. 

All  these  objectives  cannot  always  be  simultaneously  attained;  for  instance, 
a  demand  for  minimum  transportation  is  often  at  variance  with  an  ideal  func¬ 
tional  grouping.  Likewise,  a  flexible  layout  adaptable  to  changes  may  be  incom¬ 
patible  with  an  integrated  one.  Thus,  before  arriving  at  a  well-balanced  solution, 
alternative  layouts  have  to  be  carefully  analyzed  and  their  advantages  and 
disadvantages  studied  in  the  light  of  these  objectives. 

Plant  lay-out  provides  the  broad  framework  within  which  production  and 
many  admimstrative  activities  have  to  take  plaice,  and  as  such  has  an  important 
"bearing  on  utilization  of  facilities,  on  manufacturing  methods,  on  <x>ntroI 
mechanisms,  and  on  production  costs.  Layout  has  also  a  marked  effect  on  capital 
expenditure,  and  the  costs  of  special  installations  have  to  be  carefully  weighed 
against  potential  savings  in  the  cost  of  labor,  machine  time,  handling,  and  ser¬ 
vices.  The  major  effects  of  plant  layout  on  varions  aspects  of  production 
management  may  be  summarized  as  follows: 

1.  The  layout  determines  the  lomtion  of  departments  and  production  centers, 
their  proximity  to  each  other  and  to  various  services,  and  hence  the  efficient 
utilization  of  available  space. 
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2.  It  outlines  the  nattire  of  flow  in  the  plant  and  atfects  the  distances  traveled 
by  materials  and  personnel;  hence  it  is  concerned  with  the  time,  effort,  and  costs 
spent  on  transportation. 

3.  It  affects  the  tjrpes  of  handling  systems,  their  integration  in  the  over-aU 
production  program,  and  the  costs  of  their  installation. 

4.  It  specifies  the  location,  accessibility,  and  size  of  stores,  and  also  the  space 
and  location  of  temporary  storage  for  work  in  process. 

5.  It  greatly  affects  the  amomit  of  work  in  process  and  work  awaiting  further 
processing;  hence  it  involves  the  total  production  time  and  the  capital  tied  up 
in  work  in  process. 

6.  Machine  utilization  is  partly  determined  by  layout.  This  is  reflected  in 
output  per  machine  hour,  in  the  total  machine  capacity  that  is  required,  and  in 
capital  tied  up  in  equipment. 

7.  O|^rator’s  span  of  activities,  responsibilities,  auxiliary  tasks,  walking 
time,  fatigue,  and  efficiency  may  be  dictated  by  layout  considerations. 

8.  Maintenance  procedure,  schedules,  and  costs  as  well  as  policy  of  repaim, 
reserves,  and  replacement  may  be  affected. 

9.  The  amount  of  supervision  required  and  the  degree  of  specialization  neces¬ 
sary  in  supervision  is  sometimes  dependent  on  layout. 

10.  Prcxiuction  planning  and  control  systems  may  be  greatly  affected, 
particularly  the  complexity  of  routing,  machine  io^ading,  expediting,  and  the 
pa, per  work  involved  in  control  mechanisms. 

11.  Effect  on  time  lag  between  inspection  and  corrective  actions  has  to  be 
studied,  as  this  may  be  reflected  in  amounts  of  rejected  work. 

Flow  Systems 

The  flow  of  materials  through  the  plant  is  one  of  the  major  factora  that 
determin^es  the  type  of  layout.  The  flow  of  materials  governs  the  cost  of  the 
materials  handling,  the  amount  of  work  in  process,  the  capital  and  space  tied  up 
by  work  in  process,  and  the  length  of  the  total  production  time.  All  these  are 
weighty  factors  indeed,  and  each  one  is  enough  to  justify  a  careful  study  of 
flow  systems.  Furthemiore,  the  rate  of  performance  and  coordination  of  opera¬ 
tors  may  have  to  be  related  to  the  rate  of  flow,  and  line  production  in  particular 
may  impose  considerable  physical  and  mental  strain  on  the  operators.  Super¬ 
vision  and  control  mechanisms  may  also  be  affected.  Simple  flow  lines  are  ideal 
for  control  purpo^ses,  and  visual  supervision  is  often  possible.  A  complicated 
flow  system  usually  implies  a  complicated  control  system.  Quite  often  a  plant 
layout  design  starts  vdth  the  flow  system,  around  which  services  and  other 
facilities  are  added  and  buildings  designed  or  modified  accordingly,  but  some¬ 
times  the  flow  must  be  adapted  to  existing  buddings.  Flow  systems  can  be 
classified  into  horizontal  and  vertical  flows. 
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Horizontal  flow  lines 

The  five  basic  types  shown  in  Fig.  7-1  are: 

1.  I -flow,  or  line  flow,  is  the  simplest  form  of  flow.  Materials  are  fed  at  one 
end  and  the  components  leave  the  line  at  the  other.  The  I-flow  is  economical  in 
space  and  convenient  in  I-shaped  buildings  (see  example  in  Fig.  7-2). 


I  Flow  (Line  flow) 


V _ 

L  Flow 


V 


_ / 

U  Flow 


S  Flow 


Figure  7-1. 

B^asic  horizonfml 
flow  systems. 


2.  L-flow  Is  similar  to  the  I-flow  and  is  mainly  adopted  when  an  I-Hne  cannot 
l>e  accommodated  in  the  available  space. 

3.  U -flow  has  both  the  feeding  to  and  ejection  from  the  line  at  the  same  end. 
^^en  the  line  occupies  the  whole  flow,  a  U-line  is  convenient,  since  it  allows 


Figure  7-2.  Examples  of  I-  and  I'-floic.  fTopf  I-flotr  in  a  body  trim  conreyor  line 
for  aiifomobiles. . Courtesy  Vaux?ia!I Ltd.  England’  (Bottom f  l^-floir  in  an  assembly 
line  jor  icinding  small  motors.  Couitesy  3rov%-n.  Boveri  i  Co.  Ltd.  Baden,  Switzerland' 
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both  receiving  and  dispatching  of  goods  to  be  made  at  one  side.  It  is  also  easier 
for  supervision  than  an  I-  or  L-Iine.  An  example  of  a  U-line  is  shown  in  Fig.  7-2 . 

4.  8-flow  is  adopted  when  the  production  line  is  so  long  that  zigzagging  on  the 
plant  floor  is  necessary.  The  S-flow  provides  efficient  utilization  of  space  and  is 
wmpaet  enough  to  allow  effective  supervision. 


I+U  (or  l+L)  Flow  Systems 


S+L  Flow  Systems 


S+L  Flow  Systems 


Figure  7^. 
Mxavnples  of 
combinations  of 
basic  horizontal 
flotJD  systems 


5.  0-flow  is  used  when  operations  are  carried  out  on  a  rotary  table,  or  a  rotary 
handiiDg  system.  The  components  are  pa^ed  from  one  working  station  to  the 
other,  and  when  they  leave  the  0-line,  a  complete  set  of  operations  has  been 
performed,  and  the  {X)mponents  can  be  inspected  before  they  are  passed  on  to  a 
second  0-iine  for  an  additional  series  of  operations  or  to  an  assembly  line.  An 
example  of  an  0-flow  is  shown  in  Fig.  7-3. 

The  basic  flow  lines  are  frequently  used  in  various  combinations  in  industry; 
.some  examples  are  given  in  Figs.  7-4  and  7—5.  Two  additional  aspects  of 
horizontal  flow  lines  should  be  mentioned: 
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UnidiTectional  or  retraetional  flow 
In  a  unidirectional  flow,  the  material  m  transferred  from  one  machine  to 
another  without  having  to  move  again  along  the  same  path  (Fig.  7-^).  In 
retraetional  flow,  the  flow*  is  repeated,  i.e.,  two  or  morenonconsecutive  operations 
are  performed  on  the  same  machine.  Evidently  this  aspect  of  flow  is  determined 
by  considerations  of  machine  utilization.  In  retraetional  flow,  the  available 
machine  time  is  more  fully  employed,  but  schedules  have  to  allow  for  repeated 
machine  setting  and  for  the  fact  that  intermittent  localized  halts  occur  in  the 
production  line  each  time  a  machine  is  switched  over  from  one  operation  to 
another. 


Shafts 


Machining 
of  shafts 


Laminations 

Die  casting 
rotor  j 

i 

Motor 

housings 

J 

L 

Shaft  to  rotor 
assembly 


Motor 


End  stator  and 

covers  end  covers 


assembly 

Inspection 


Figure  7-5.  Flow  line  in  the  tnanufacfitre  of  motors,  show¬ 
ing  the  combination  of  basic  flow  lines,  (Courtesy  Brown, 
Boveri  &  Co.  Ltd.,  Baden,  Switzerland) 


Figure  7-6.  ZJnMirectional  amd  Tepmited^  flow, 

IntegTmiion  of  flktw  lines  into  an  assembly  line 

For  a  continuous  flow  system  to  operate  smoothly,  where  several  flow  lines 
feed  assembly  lines,  the  logical  pattern  of  integration  can  be  likened  to  a  liver, 
where  several  estuaries  combine  into  the  main  stiream  (Fig.  7-7 1.  The  rate  of 
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low  of  the  main  assembly  line  is  the  dominant  factor  in  the  integration  of  all  the 
lute  into  one  unit.  If  the  rate  of  flow  of  one  of  the  feeding  lines  is  higher  than 
the  main  line,  production  in  the  feeding  line  has  to  be  intermittent,  and  the 
feeding  line  can  be  used  to  produce  several  components  or  subassemblies  in 
batchte.  For  example,  in  Fig.  7-7  the  main  assembly  line  is  supplied  with  six 
sulMssemblte:  three  are  continuously  fed  into  the  main  line  by  lines  I,  III,  and 
Hr",  and  the  other  three  (A,BJJ)  are  manufactured  in  batches  by  line  II  and 
suppled  to  the  main  line  from  temporary  storage  locations. 


F^are  7-7.  .4  ‘•rirer’*  comer  gent  flow . 

Prc^iietioii  lin^  feeding  the  main  assembly 
line. 

SiiMin^  f©Kiing  TT, 

Suhliiiiffi  feeding  IV. 

Benght-ont  components  or  assemblies  fed  to 
a^embly  lines. 

Subassemblies  produced  consecutively  in 
batches  on  line  11. 


I,  n,  ni,  IV 

n  1,  n  2 

TV,  1,  IV  f 

fl,  k  c,  d,  €,  /,  f 

A,  B,C 


flow  Hues 

In  mnlti^opr  buildups  a  carefiiUy  planned  flow  is  of  particular  importance 
for  matenals  handling  systems  and  control  mechanisms  to  operate  effectively, 
bix  basic  aspects  of  vertical  flows  are  shown  in  Pig.  7-8. 

Prt^ssing  dowmcards  or  upwards 

the  raw  m*^t**^*t*^  amilar  for  th^  two  cases,  but  in  downward  processing 

the  finished  nrcMiuct  ends  iin  at  rnu*  r  ^ 

bearincr  on  +K  i.  av  ^  aspect  has  an  important 

bearing  on  the  handling  system.  When  processing  downward,  many  ^avity 


Figure  7-8.  Six  basic  aspects  of  rertical  floic  systems, 

(i)  Froees^ing  do'wiiwajti  or  upward.  pv)  Vertical  or  inclined  flow. 

(ii)  Centralized  or  decentralized  elevation.  (v)  Single  or  multifiow. 

(iii)  Unidirectional  or  retractional  flow.  (vi)  Flow  between  building :  elevated  or  ground  flow. 
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handlmg  systems  (roller  lines,  chutes,  pipes,  buckets,  hand-operated  lifts,  etc ) 
can  be  used,  and  these  are  economical  in  installation,  operation,  and  main¬ 
tenance.  In  some  cases,  however,  processing  downward  may  not  be  practical 
In  metal-working  industries,  if  the  raw  material  consists  of  large  raw  castings 
processing  downward  would  mean  installing  the  heavy  machine  tools  on  the  top 
floor  and  carrying  swarf  and  scrap  back  to  ground  level— a  very  costly  setup 
The  normal  practice  is  to  have  heavy  machine  shops  on  the  lower  floors  and 
assign  only  light  machines  and  light  assembly  lines  to  the  higher  floors,  thereby 
achieving  comparatively  low  costs  in  installation  and  foundations  and  restricting 
vibration  effects  in  the  light  machine  shops. 

In  some  cases,  ivorMng  upward  is  dictated  by  the  nature  of  the  process;  for 
example,  in  one  type  of  manufacture  of  plane  glass  by  a  continuous  process,'  the 
glass  is  pushed  upward  through  successive  sets  of  rollers,  and  the  finished  glass 
sheet  is  cut  into  large  panes  as  it  emerges  on  the  top  floor. 


Cmirdlized  or  decmtralized  elevation 
In  a  centralized  elevation  all  the  handling  systems,  either  upward  or  downward, 
are  concentrate  at  one  end  of  the  building.  This  method  facilitates  economic 
supervision  and  maintenance  of  the  handling  systems,  sometimes  even  reducing 
the  instalation  costs  considerably,  and  is  very  useful  when  the  flow  on  each 
floor  is  a  U-flow.  However,  when  the  flow  is,  say,  a  line  flow  (I-flow),  a  cen¬ 
tralized  elevation  system  results  in  extra  materials  handling  on  each  floor 
because  the  work  has  to  be  returned  to  the  elevators.  In  a  decentralized  elevation 
method,  handling  on  each  floor  can  be  greatly  reduced  and  more  flexibility  in 
dmgn  of  the  flow  lines  is  possible,  but  the  method  is  more  costly  in  installation, 
maintenance,  and  space. 


Umdirectional  or  retractional  flow 

In  the  retractional  flow  shown  in  Fig.  7-8  (iii),  after  processing  on  the  third 
floor  the  work  has  to  return  to  the  fourth  floor  for  a  second  time.  As  in  a  hori- 
zonta  ow,  a  vertical  retractional  flow  yields  better  machine  and  space  utiliza¬ 
tion,  but  handling  is  more  costly  than  in  unidirectional  flow. 


Vertical  or  inclined  flow 

iral  flow  is  carried  out  by  elevators,  chutes,  and  buckets,  and  is  often 
Monomical  m  space.  Inclined  flow,  which  is  also  done  by  conveyor  belts  and 
Cham  systems,  is  sometimes  more  adaptable  to  flow  systems. 

Single  or  nudtiflow 

^  ^  multiflow  system,  several 
p^imtion  lines  feed  one  assembly  line  and  converge  into  one  flow  line.  Alter- 

Sr  7  !  divided  into  several  streams 

that  <seTr  i*  stream  is  directed  to  different  processes,  so 

that  several  products  finally  emerge. 
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Floie  bettceen  buildings 

When  several  buildings  form  links  in  one  production  line,  the  flow  from  one 
building  to  the  next  may  be  either  an  elevated  flow  or  a  ground  flow.  Ground 
flow  is  cheaper  to  install  and  is  particularly  suitable  'when  processing  upward  in 
the  second  building.  If  in  the  second  huiiding,  processing  is  of  the  downward 
type,  a  ground  flow  system  implies  that  the  material  has  to  be  elevated  to  the 
top  floor  in  the  second  building.  Excessive  handling  may  thereby  result,  and  in 
such  cases  an  elevated  flow  transfer  between  the  buildings  may  be  preferable. 
Another  advantage  of  an  elevated  flow  is  that  it  frees  the  ground  space  for 
traffic  and  storage  purposes. 


Types  of  Layouts 

Layouts  can  be  classified  into  three  tyrpes,  depending  mainly  on  the  type  of 
production  used  in  the  plant. 

1.  Product  layout  or  line  production,  in  which  machines  and  auxihary  services 
are  located  along  the  product  flow  line.  The  layout  is  suitable  for  continuous 
types  of  production  and  can  employ  one  of  the  basic  horizontal  flow  lines  or 
their  conabinations. 

2.  Process  layout,  in  which  machines  and  services  are  grouped  according  to 
their  characteristic  functional  purpose;  for  instance,  all  turning,  welding, 
painting,  etc.,  are  performed  in  separate  turning,  welding,  and  painting  depart¬ 
ments.  A  process  layout  is  mainly  emplo^red  in  job  and  batch  production. 


Table  7-1 

Adrmmtmges  mnd  Limimfioms  of  Types  of  Layouts 


Adtmniages 

Product  I»ajoiit 

1.  Liayout  correspoiicis  to  sequence  of 
operations,  resulting  in  smootii  and 
logical  flow  lines. 

2.  Redueefl  materials  handling,  since  the 
machines  are  so  locat-^  as  to  minimize 
distances  bet.ween  consecutive  opera¬ 
tions. 

3.  Small  amounts  of  work  in  pit>c©ss,  as 
the  work  from  one  proce^  is  directly 
fed  into  the  next. 

4.  Less  space  is  occupied  by  work  in 
transit  and  for  temporaiy'"  storage. 

5.  Total  production  time  per  unit  is  short, 

6.  Simple  production  piaraimg  and  con¬ 
trol  systems  and  simplified  supervision. 

7.  Tittle  skill  is  usually  required  by 
o=perators  at  the  production  line;  hence 
training  is  simple,  short,  and  inexpen¬ 
sive. 


Limiiaiioiu 

1.  Layout  is  determined  by  the  prcxiuet 
and  leaves  little  room  for  flexibility.  A 
change  in  product  design  may  need 
major  alterations  in  layout. 

2.  The  “pace'’’  is  determined  by  the 
slowest  machine;  hence  speed  of 
machines  is  deliberately  reduced  or 
machines  have  excessive  idle  time. 

3  .  A  breakdown  of  one  machine  may  lead 
to  a  complete  stoppage  of  the  line  that 
follows  that  machine. 

4.  Comparatively  high  investment  is  re¬ 
quire,  as  identical  machines  (a  few  not 
fully  utilized)  are  sometimes  distributed 
along  the  line;  also,  machines  may  be 
required  to  stand  by  in  case  of  break¬ 
downs. 

5,  Supervision  is  general  but  not  special- 
iwi. 
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Figure  7—9.  Comparison  of  distances 
trawote^  in  a  prodM^f ,  a  process,  and 
a  com^bined  iapout.  (Bee  Figures  7-10, 
7-11,  7-12) 
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i7}.Aseemb! 


Inspection 
To  store 


Figure  7-10.  .4  prodmct  la^ut^ 


Figure  7-11.  A  process  layout. 


e  fio^  k  baaeaUy  a  U-flow.  The  raw  materiak  are  suppKed  from  the  stores  and 
he  metal  bars  and  sheets  are  first  cut  to  size.  In  the  functional  layout  (Fig  7-11) 
here  are  nine  production  centers  to  which  aU  the  components  are  brought 
to  the  process  chart,  the  inspection  in  this  ca^  blng  also  centrahzed. 

the  totSlwr*  "  strictly  adhered  td  and 

areled  by  matenals  is  considerably  shorter,  but  turning 
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(j  di  d  (]  d  a  {]  d 


Department  A 

(Assembly) 

Product  is  assembled  here 

aaadaaod 


Figure  7—13.  (Top}  Old  layout  with  a  separate  mspection  department  C,  ITork 
awaiting  inspection  is  accumulated  in  department  B.  (Bottom)  Xew  layouts  pro¬ 
viding  continuous  flow  from  assembly  to  final  stage*  Inspectors  sit  beside  the 
conveyors*  which  eliminate  accumulation  of  work  in  progress  awaiting  inspection* 

f  Reprinted  with  permission  from  Ralph  M.  Barnes,  Motion  aftd  Time  Study,  John  Wiley  & 
Sons,  Inc.,  1956) 
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ojmratioiis,  for  mstaacej  have  to  be  performed  at  three  different  locations 
along  the  production  hue.  The  comparison  between  the  two  layouts  can  be 
siimmarized  in  the  following  table: 

Product  Layout  Process  Layout 


Number  of  operation  stations  H 

NinnWr  of  inspection  stations  4 

Total  number  of  stations  15 

Total  distance  covered  by  materials  (based  on 
the  assiimption  that  floor  area  is  the  ^me  for 
the  two  cases)  283  ft. 


8 

1 

9 


477  ft. 


In  the  product  layout  great  saving  in  materials  handling  can  obviously  be 
effected.  At  the  same  time  the  utilization  of  the  lathes  and  the  drilling  machines 
have  to  be  analyzed  to  ascertain  that  the  distribution  of  the  operations  along  the 
hue  does  not  lead  to  exc^sive  machine  idle  time.  In  the  suggested  process  lay¬ 
out,  for  instance,  it  is  also  clear  that  inspections  are  responsible  for  a  great 
amount  of  handling  (208  feet),  and  therefore  a  decentralized  inspection  system, 
i.e.,  inspection  along  the  line,  may  be  more  suitable.  In  this  way  a  reasonable 
solution  for  a  layout  can  be  arrived  at,  which  is  quite  often  a  compromise  between 
the  two  methods.  An  example  for  a  solution  that  could  perhaps  satisfy  the  case 
discii^ed  above  is  shown  in  Fig.  7~12,  where  two  turning  and  two  drilling  stations 
are  sp«?ified,  leading  to  the  following  summary: 


Nmaber  of  operations  stations  10 

Number  of  inspection  stations  4 

Total  number  of  stations  14 

Total  distance  covered  by  materials  298  ft. 


The  lo<mtion  of  inspection  and  its  integration  into  the  production  line  may 
have  a  co,iisiiieraMe  effect,  not  only  on  the  cost  of  handling  in  the  plant  but  on 
the  amount  of  work  in  process  and  on  the  time  lag  between  inspection  and 
coirective  actions.  In  Fig.  7-1 3a  we  have  an  example  where  assemblies  are 
completed  in  department  A,  stored  at  B  waiting  for  inspection,  inspected  at  G, 
and  stored  again  at  D.  The  amount  of  work  accumulated  at  B  causes  a  serious 
delay  between  production  and  inspection,  with  the  result  that  if  too  many 
rejects  are  found,  wMch  would  require  machine  adjustment  at  A ,  this  adjustment 
takes  place  after  a  considerable  amount  of  rejects  or  scrap  has  accumulated  at 
B.  When  a  layout  as  in  Fig.  7-13b  is  adopted,  tbe 'inspection  is  carried  out 
immediately  after  production,  and  information  about  corrective  actions  can 
quickly  be  fed  mto  the  production  department.  The  flow  system  ensures  that 
work  Ml  process  is  greatly  reduce  and  economi^^  in  space  can  consequently  be 

Another  example  of  a  layout  for  insi^ction  immediately  after  the  operation  is 
^med  out  is  shown  m  Fig.  7-14,  where  the  inspection  stations  are  located  in 
iront  of  the  appropriate  machines.  The  finished  components  are  fed  through  a 
chute  to  the  inspection  station,  where  they  are  sorted  out  and  the  good  com¬ 
ponents  are  collected  in  a  container  under  the  inspection  bench.  Figure  7-15 
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illustrates  a  final  inspection  layout,  which  allows  for  several  inspection  stations 
in  series  along  the  conveyor  belt.  Each  station  is  responsible  for  checking  one 
particular  aspect  of  the  product,  such  as  the  inside,  or  the  outside.  If  the  product 
is  acceptable,  it  is  passed  on  to  the  next  station;  if  it  is  rejected,  it  is  transferred 
to  a  rejects  Ime  for  repairs,  after  which  it  is  fed  again  to  the  first  inspection 
station  on  the  conveyor  belt. 


Operator.  Operator  Operator 


Figure  7-14.  Lfi^out  for  inspection:  a  bench  at  rear  of 
machine  eliminates  some  handling*  (Reproduced  with  per¬ 
mission  from  ‘‘Inspection  in  Industry’', a  productivity  report  of 
the  Anglo-American  Council  on  Productivity,  1953) 


(j)  Inspect  one  side 
@  Inspect  other  side 
(3)  Inspect  inside 
®  Inspect  outside 
@  Relief  inspector 

®  Review  &  dis|x>sal 
of  refects 
(7)  Minor  refxiirs 

(prod  ucf ion  men} 


Figure  7-15.  lAEgmdt  for  ftmml  inspection  on  comregor  belt*  fReprodueed  with  per¬ 
mission  from  “Inspection  in  Industry”,  a  productivity  report  of  the  Anglo-American 
Council  on  Productivity,  1953) 


Maeliioe  layout 

The  general  layout  of  the  plant  can  be  broken  dovTi  to  a  detailed  planning  of 
the  position  of  each  machine,  its  relation  to  other  machines,  and  to  materials 
handling  systems.  The  layout  of  the  machine  not  only  affects  the  efficiency  of 
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the  operation  perfornied  on  it,  but  also  may  have  a  bearing  on  subsequent  opera¬ 
tions  and  on  the  rate  of  production  of  the  whole  line.  One  major  consideration  in 
machine  layout  is  that  of  space,  and  the  problems  that  have  to  be  studied  in  this 
req)ect  were  summarked  by  Alford  and  Bangs^  as  follows: 

Room  for  the  worker  operating  the  machine  or  machines. 

Allowance  for  projection,  overhang,  or  overtravel  of  machine  parts,  such  as  the 
table  of  a  planer. 

Allowance  for  projection  of  work,  such  as  bars  fed  to  a  screw  machine. 

Room  for  industrial  trucks  to  deliver  and  remove  parts  that  are  large  or  are 
handled  on  skids,  pallets,  or  in  tote  boxes. 

Space  for  floor  conveyors  or  chutes  in  a  fixed  product  layout. 

Room  to  get  lai^e  work  on  and  off  machines.  Often  this  handling  is  done  by  a 
hoist,  jib  crane,  or  overhead  traveling  crane  for  the  use  of  which  there  must 
be  the  proper  space  allowance. 

Area  for  the  storage  of  the  maximum-sized  lots  of  work  to  be  done,  and  for 
work  completed  and  awaiting  removal.  Most  frequently  these  areas  are 
nece^ary  in  the  actual  doing  of  work  to  provide  the  place  from  which  to  get 
parts  for  proce^ing  and  to  put  them  as  they  are  finished. 

Pla<^  for  workbench,  work  table,  too!  rack,  or  other  equipment  containing  the 
worker’s  tools,  suppli^,  drawings,  etc. 

Room  to  get  at  any  part  of  the  machine  which  may  require  adjustment  or 
changing  in  ihe  couree  of  operations. 

Quick  acc^s  to  safety  stops  in  ease  of  accident  to  worker  or  breaking  or  jamming 
of  the  machine. 

Access  to  the  machine  for  io^pection,  maintenance,  oiling  and  repairs,  and  for 
the  removal  of  any  part,  such  as  a  shaft,  without  moving  the  machine  frem 
its  position. 

AIlow^c^  made  neee^ary  because  of  proximity  to  columns,  walls,  partitions, 
stairways,  elevator  approach^,  etc.,  which  may  require  the  providing  of 
extra  area,  or  for  the  waste  of  area,  because  of  tbe  size  or  sbape  of  the  machine. 

Apart  from  space,  additional  aspects  have  to  be  considered  in  machine  layout: 

Problems  of  installation,  including  foundations,  power,  water,  exhaust  systems. 

Convenience  of  loading  and  unloading  materials,  the  integration  of  these  opera¬ 
tions  m  the  handling  systems  and  the  effect  of  the  layout  on  the  flow  lines. 

Convenience  in  operating  the  equipment  and  supervising  it,  to  ensure  maximum 
efficiency  and  .minimum  operator  fatigue. 

The  proper  relation  of  the  machine  to  the  other  machines  in  the  production 
colter,  including  allowance  for  multimaehine  supervision  by  one  operator  or 
for  additional  tasks  the  operator  has  to  perform  in  the  production  center,  in 
onier  to  ensure  a  smooth  integration  of  the  machine  m  the  center  and  reduc¬ 
tion  to  a  minimum  of  operator  walking  time- 

lighting,  vmtaating,  and  safety  requirements  that  have  to  be  met  by  the 
layout. 

^  Alford,  L.  P.,  and  Ban^,  J.  R.:  Handbook  (The  Ronald  Pr^  Co.,  1952). 
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Materials  handling 

Materials  handling  systems  are  the  means  by  which  the  flow  in  the  plant  is 
sustained  and  hence  form  a  vital  part  of  plant  layout  design.  Materials  handling 
is  used  for  holrizontal,  vertical,  or  combined  horizontal  and  vertical  movement 
and  may  be  classified  into  the  following  main  groups; 

Crams  for  handling  material  or  components  above  the  ground,  either  for  the 
purpose  of  freeing  the  floor  from  handling  devices,  in  order  to  save  space,  or 
because  the  material  is  heavy,  bulky,  or  awkward  to  move  by  other  methods. 

Carney mrs  for  handling  components  or  bulk  material,  including  belt  conveyors, 
roller  conveyors  (gravity  or  power  operated),  chutes  (very  convenient  for  hand¬ 
ling  between  floors),  screw  conveyor  (often  for  bulk  material,  both  horizontally 
and  vertically),  chain  conveyor  (from  which  components  are  suspended  or  on 
winch  buckets  are  attached),  or  a  pipe  system  for  moving  powder,  grain,  or 
liquid  material  under  pressure. 

Trucks,  hand  or  power  operated,  including  fork  liffc  tracks  with  their  multitude 
of  attachments,  platform  tracks,  tractors,  and  traders. 

Gravity  handling  systems  are  naturally  much  cheaper  than  power-operated 
ones,  and  usually  are  more  adaptable  to  changes  in  layout.  All  handling  systems 
impose  space  requirements  which  must  be  taken  into  account  in  layout  planning, 
especially  problems  of  clearances  of  cranes  and  maneuverability  of  trucks. 

Figure  7-16  is  an  example  showing  the  effect  of  flow  on  a  plant  layout. 
Another  case  study-  illustrating  the  introduction  of  a  mechanized  materials 
handling  system  is  given  in  Fig.  7-17.  in  which  25'.0CM)  lb.  of  yam  per  week  were 
supplied  to  two  knitting  departments,  in  cases  weighing  S50  lb.  gross  each.  The 
main  yam  store  was  located  outside  the  main  building  and  handling  was  carried 
out  by  hand  trucks.  Each  knitting  department  used  a  temporary  yam  store 
(occupying  space  of  800  sq.  ft.),  from  which  material  was  transported  to  the 
machines.  When  a  mechanized  overhead  conveyor  system  was  installed  with 
carriers  capable  of  holding  25  lb.  each  and  a  procedure  worked  out  for  loading 
the  conveyor,  receiving  at  the  knitting  departments  and  returning  trays  to  the 
main  store,  the  output  of  the  plant  increased  by  10  per  cent.  The  layout  re¬ 
mained  essentially  unchanged,  but  the  temporary  yam  stores  were  eliminated 
and  the  cost  of  handling  greatl^^  reduced. 

Effect  of  automation  on  layout 

The  fully  automatic  factory  is  still  a  dream  of  the  future,  but  automated 
mdividual  sections  or  production  lines  are  becoming  more  and  more  frequent  in 
industry  and  are  having  considerable  impact  on  the  layout  of  plants.  The 
automated  line  provides  for: 

1.  A  constant  flow  of  materials  through  the  system 

2.  Automatic  loading,  positioning,  and  unl^oading 

^  The  Iiistitiitlo.ii  of  Production  Engin^rs  Journal,  DecemlMr  1S56,  p.  764, 
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3.  Automatic  handling  between  operations 

4.  Inspection  after  certain  predetermined  operations 

5.  Automatic  sorting  of  good  components  from  bad  ones 

6.  Adjustment  of  machines  and  processes  as  dictated  by  inspection  results. 

The  significant  implication  of  automated  production  lines  is  the  reduction  of 
work  in  process  and  of  temporary  storages  to  a  minimum,  resulting  in  substantial 
saving  in  space  (up  to  about  50  per  cent)  and  costs  of  materials  handling. 

Automatic  installations  are  usually  associated  with  major  capital  expenditure, 
and  naturaUy  the  question  of  flexibility  immediately  arises,  i.e.,  the  adaptability 
of  the  automated  line  to  variations  m  design  or  to  multiproduets.  Clearly,  if  the 
line  is  a  rigid  system,  which  requires  major  changes  in  layout  structure  for  even 
minor  changes  in  product  design,  automation  can  be  justified  only  for  very  high 
volumes  of  production,  where  the  line  can  turn  out  the  same  components  for  an 
appreciably  long  time.  If,  however,  flexibility  in  automated  lines  can  be  achieved 
it  can  be  adopted  for  batch  production  and  have  a  marked  effect  on  small  and 
medium  size  estafahshments.  The  integration  of  these  lines  into  one  layout, 
the  output  capacity  ratio  of  automated  feeding  lines  to  nonautomated  assembly 
lines,  the  maintenance  procedure,  and  general  equipment  policy,  aU  these  remain 
major  problems  affecting  both  layout  considerations  and  production  planning 
and  control  systems  in  industry. 


Sjniptoms  of  a  "bad  layout 

A  plant  layout  usually  grows  and  develops.  Not  every  minor  change  in  the 

production  program  or  additions  of  machines  or  sections  justify  redesign  of  the 
plant  layout,  but  these  changes  accumulate  and  gradually  alter  the  basic  pattern 
of  flow  lines  in  the  plant,  until  replanning  of  the  layout  becomes  inevitable.  The 

symptoms  of  a  layout  in  need  of  redesign  are: 

1.  Congestion  of  materials,  components,  and  assemblies 

2.  Excessive  amounts  of  w^ork  in  process 

3.  Poor  utilization  of  space 

4.  ]k)ng  transportation  lines 

5.  Production  bottlenecks  at  certain  machines  while  similar  or  identical 

machines  have  idle  tim^ 

6.  Excessive  handling  by  skilled  operators 

7.  Long  production  cycles  and  delays  in  delivery 

8.  Mental  or  physical  strain  on  operators 

9.  Difficulties  in  mainta.ining  effective  supervision  and  control. 


Figiire  7-16.  The  effect  of  flotc  on  layout •  These  are  floics  of  a  tcinding  shop  in  the 
mamufacture  of  electric  ceiling  fans.  Spools  used  to  he  delivered  to  the  girls  at 
the  henches  by  small  trucks,  ichereas  in  the  netc  layout  the  handling  is  per¬ 
formed  by  the  conveyors.  The  improved  version  of  the  ivork  place  layout  is  also 
clearly  seen  in  the  bottom  photograph.  (Courtesy  Genera!  Electric  Co.,  Ltd,  Binning- 
iiam,  England) 
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Factors  to  be  considered  in  layout  planning 

When  a  new  or  modified  layout  has  to  be  designed,  a  great  number  of  factors 
must  be  analyzed  before  any  decision  can  be  made  on  the  pattern  of  the  flow 
lines  and  type  of  layout  and  communication  systems.  Some  of  the  major  factors 
to  be  considered  are: 

Hazards:  nature  of  risks  due  to  moving  parts,  projecting  machine  elements, 
suspended  weights,  air  pollution  at  the  production  centers;  other  physical  or 
chemical  risks,  and  the  type  of  precautionary  measures  required  to  ensure  the 
safety  of  personnel  and  plant. 

Type  of  production :  job,  batch  or  continuous;  also  whether  the  production  is  by 
a  continuous  process  or  is  an  assembly  line,  and  whether  it  involves  single  or 
multiflows. 

Type  of  operation :  wet  or  dry,  using  heavy  or  light  machinery,  involving  swarf, 
scrap,  reprocessing,  etc.;  characteristics  of  the  production  and  service  centers. 

Sequence  of  operaiions:  dependency  of  one  operation  on  another,  rigidity  of  the 
sequence,  reprocessing  and  its  effect  on  the  flow  being  unidirectional  or 
retractional. 

Ifitegraiion  of  produ^ion:  single  flow  or  multiflow,  relation  of  parts  of  the  flow 
system  to  each  other,  coordination  of  sublin^  that  feed  major  as^mbly  lines. 

Type  of  product:  its  weight,  volume,  physical  state  (solid,  liquid,  or  gas),  its 
durability,  susceptibility^  to  transportation,  and  difiSculty  connected  with  its 
storage. 

Type  of  inspection:  centralized  or  decentralized,  ite  effect  on  amounts  of  work 
in  process,  and  machines  readjustment. 

Manaqement  policy:  plans  for  future  output  and  expansion,  changes  in  product 
design  and  variety. 

Templates  and  models 

In  planning  a  new  lay-out  or  modifying  an  existing  one,  template  and  models 
(normal  scale  J  or  |  inch  to  1  ft.)  are  very  nsefol  for  the  analysis  of  several 
contemplated  alternatives.  They  save  the  time  and  effort  required  for  preparing 
a  separate  drawing  for  each  alternative  and  enable  the  engineer  to  visualize  the 
characteristics,  merits,  and  weaknesses  of  the  layout  under  consideration. 

Templates  can  be  black  and  white  or  colored  and  either  of  the  black  type 
(which  gives  only  over-all  dimensions  of  the  equipment,  including  allowances 
but  no  details)  or  of  the  two-dimensional  (plane)  type  (which  gives  the  outline 
of  the  equipment  in  heavy^  line,  other  details  in  light  line,  and  clearances  in 
broken  dash  line).  Two-^dimensional  templates  are  obviously  much  superior  to 
block  templates,  which  often  lack  the  fundamental  information  required  in 
planning  a  layout. 


Figure  i  IS,  Cast  ahti^ittini'um  wtc^^eis  for  layout  planning  *  (Courtesy  of  Visual 

Planning  Systems,  Alperton,  England) 


Figure  7-19.  Arrangem^t  af  m  new  fmetorg,  (Courtly  Brown,  Boveri  &  Co„  Ltd, 

Baden,  Switzerland) 
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Tkree-dimensional  models  (see  Fig.  7-18)  make  the  suggested  scheme  easier 
to  visualize,  particularly  to  nonengineers  (see  Figs.  7-19,  7-20,  7-21,  7-22). 
Machine  allowances  and  clearances,  however,  cannot  he  marked  on  models,  and 
when  these  are  import^t,  the  models  are  stuck  on  plane  templates  on  which  the 
clearances  are  marked.  The  combination  of  models  and  plane  templates  is  by  far 
the  best,  but  are  naturally  more  costly  than  the  other  methods. 


Beam  Section  I 


Figure  7  20  (conftnufii)  (6)  A  three-diinensiona!  model :  (1)  assembly  lin^ ;  (2) 
Ime  and  overhead  platform  for  packing  materials;  (3)  the  warehouse. 


packing 


^Jayoisf  piaimmg  icitk  the  mid  of  ihree-dimemsimml  models. 

-t^ianning  bysicms.  Ltd,  Alperton,  England) 
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Figure  7—22.  Planning  an  assenihlg  plant  trith  models*  (Coiii’iesy  Fowl  Motors  Co 
Deartxsni,  MicMgan) 

SiimillMy 

A  plant  layout  lias  a  marked  effect  on  utilization  of  space  and  equipment,  o] 


control,  A  major  factor  in  layout  is  the  flow  system  and  its  relation  to  material 
et 
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Tertical  flows  which  ha^e  to  be  considered  when  designing  a  flow  system.  Layouts 
are  classified  as  being  of  the  product  t3rpe  (most  suitable  for  continuous  produc- 
tion  or  manufacture  of  large  batches),  process  or  functional  type  (mainly 
suitable  for  batch  or  job  production),  and  static  product  type  (for  the  manu¬ 
facture  of  praiucts  that  are  awkward  or  costly  to  transport  in  the  shop).  The 
effect  of  automation  on  layout  is  mainly  associated  with  saving  in  space  and 
handling,  and  reduction  of  work  in  process  and  problems  of  adaptability  to 
piXMiuct  variety  and  changes  in  design. 
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PrtpMems 

1.  A  plant  has  been  in  exfeenee  for  some  25  years  and  has  expanded  considerably 
in  the  past  8  years,  irith  new  workshops  in  several  annexes.  It  has  been  decided 
to  set  up  a  committee  to  study  the  existing  layout  and  to  make  the  appropriate 
recommendationEs.  As  an  assistant  to  the  chief  production  engineer  you  are 

TOing  asked: 

TO  which  departments  should  be  represented  in  the  committee. 

jnj  The  method  which  the  study  should  foUow. 

|iii)  The  terms  of  referent. 


plant  is  present! j  organized  on  a  proce®  layout  basis.  It  is  contemplated  to 
replace  the  layout  as  a  product  layout. 

(i)  Prepare  a  statement  for  managemmt  in  which  you  specify  the  circum¬ 
stance  that  would  justify  such  a  changeover. 

<n)  Assumh^  that  the  changeover  is  to  take  place,  what  data  would  you 
require  before  planning  the  stages  of  such  a  change? 

In  Can  the  b^e  horaontal  systems  be  used  in  vertical  flow?  Why? 

automation  on  flow  patterns  in  existing 


4. 


Discuss  the  possible  implications  of  materials  handling 
planning  and  control  procedures. 


systems  on  production 
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5.  Wliat  problems  have  to  be  studied  for  machine  layout? 

6.  In  planning  a  new  layout  in  an  existing  building,  would  you  start  by  outlining 

the  flow  systems  first  and  fitting  each  machine  layout  into  it  (i.e.,  by  analysis), 
or  would  you  start  with  the  individual  machines  layout  (synthesis)?  Explain 
the  merits  of  your  recommended  method. 

7.  The  management  has  decided  that  mechanized  materials  handling  systems  have 

to  be  introduced  into  a  plant  where  excessive  manual  handling  is  used.  A  well- 
known  manufacturer  of  conveyors  has  offered  to  send  one  of  his  engineers  to 
study  the  problems  of  materials  handling  in  the  plant  and  to  give  his  recom¬ 
mendations  free  of  charge.  Bearing  in  mind  that  his  findings  may  be  biased 
toward  the  introduction  of  a  multitude  of  conveyors,  what  steps  should  the 
management  take  to  ensure  that  it  is  presented  with  an  objective  picture  before 
final  decisions  are  taken? 

8.  In  a  plant,  two  production  lines  for  major  a^embhes  feeding  the  main  a^embly 

line  wtH  be  automated.  What  effect  can  this  have  on  the  production  planning  and 
control  department? 


8 


EVALUATION  OF  MATERIALS 

AND  PROCESSES 


The  selection  of  materials  and  processes  naturally  has  an  important  hearing 
on  the  production  efficiency  of  the  plant  and  on  the  final  cost  analysis  of  the 
product.  All  the  issues  associated  with  such  a  selection  must  therefore  be  care¬ 
fully  considered  at  the  design  stage.  Though  the  desirable  product  characteristics 
are  obviously  of  prime  consideration,  the  significance  of  the  maxim,  “design  for 
production,”  should  never  be  overlooked. 

What  are  the  responsibilities  of  the  production  planning  and  control  depart¬ 
ment  regarding  the  selection  of  materials  and  processes  ?  The  production  people 
should  be  consulted  at  the  design  stage,  since  their  experience  with  regard  to  the 
behavior  of  materials  and  capabilities  of  available  production  processes  often 
greatly  contributes  to  the  designer’s  realistic  analysis,  before  the  design  is 
finalized.  Once  the  materials  and  major  processes  have  been  specified,  no 
changes  may  be  introduce  by  the  production  departments  vithouT  formal 
approval  of  the  engineering  department.  The  role  of  production  planning  at  this 
stage  is  confined  to  machine  allocation,  which  involves  only  minor  decisions  in 
process  selection.  However,  a  constant  evaluation  of  materials  and  processes  is 
required  so  that  the  primary  decisions  can  be  modified  as  more  suitable  materials 
or  methods  are  evolved,  or  as  more  data  become  available  about  the  factoid  that 
are  considered  “uncertainties”  in  the  initial  analysis. 


MATERIALS 


Improve  product-  properties 
Accelerate  production 
Reduce  scrap 
Red^uce  cost 


PROCESSES 


_____  y 

I 

PEStGM  FQt  raODUCTION 

Figure  8-1,  Value  analysis y  mr  kmr  to  get  more  for  less. 
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In  the  eYalnation  of  processes  and  materials,  the  four  main  factors  that  have 
to  Im  cx>iisidered  are  the  product  properties,  the  rate  of  production,  the  reduction 
of  scrap,  and  last  but  not  least,  the  economic  analysis  (Fig.  8-1).  These  factors 
are  naturally  not  independent  of  each  other.  Any  of  these  considerations  may 
lead  to  possible  chaises  in  design,  and  these  have  to  be  taken  up  by  the  engi¬ 
neering  and  research  and  development  departments. 

Value  Analysis 

The  purpose  of  value  analysis  is  to  improve  the  qualities  of  a  product  while 
maintaining  or  reducing  its  costs — ^in  short,  to  get  more  for  less.  The  first  step  in 
value  analysis  is  to  find  out  precisely  the  qualities  that  the  product  is  supposed 
to  |x>ssejs,  and  why.  These  characteristics  should  then  be  compared  in  detail 
with  the  materials  and  production  operations,  in  order  to  find  out  what  material 
and  which  operation  are  responsible  for  w-Mch  characteristic.  This  comparison 
may  reveal  material  qualities  that  are  not  exploited  or  operations  that  seem 
dupfieative.  By  criticalj  analyzing  the  value  of  materials  and  processes,  new 
avenues  may  he  explored,  with  the  aim  of  developing  more  efficient  methods 
|Le.,  more  efficient  in  the  sense  that  all  the- ingredients  of  input,  in  the  form  of 
pro|»rties  of  materials,  machine  operations  and  labor,  really  contribute  to  the 
attainment  of  the  final  goal). 

Conaiemtion  of  new  techniques  and  materials 

Conservatisin  in  production  engineering  is  a  familiar  phenomenon.  Designers 
are  reluctant  to  change  techniques  that  have  been  used  repeatedly  with  success 
in  the  past.  In  part  this  reluctance  is  due  to  ignorance  of  all  the  available 
possibilties,  ignorance  that  stems  from  lack  of  experience  in  diversified  methods 
of  manufacture.  But  in  many  cases  this  conservatism  is  associated  with  anxieties 
and  uncertainties  as  to  what  result  may  really  be  brought  about  by  a  change  in 
methcMi.  The  installation  of  a  new  method  or  a  new  machine  is  airways  accom- 
pani«i  by  unfor^eeabie  difficulties,  and  people  have  to  adjust  themselves  to 
new  ideas  or  new  conditions  and  may  require  some  time  before  they  regain  their 
confidence  and  feel  mastere  of  the  situation.  Concern  regarding  the  advisability 
of  abandoning  a  working  method  in  favor  of  one  that  has  still  to  prove  its  merit 
under  the  special  circumstances  is  always  genuine,  often  justified,  and  may  weU 
account  for  the  rule  of  tradition  in  processes  and  methods  that  is  often  en¬ 
countered  in  industry. 

Tisis  IS  why  value  analysis  has  repeatedly  produced  spectacular  results.  The 
(^neral  Electac  Company  has  established  a  value-analysis  service  section,  which 
as  resulted  in  saving  several  million  dollars  a  year  for  several  years.  The  U.S. 

several  millions  through  its  value  analysis  department. 

e  Cate^illar  Tractor  Company  claims  saving  over  a  million  dollars  annually, 
(Electrical)  Company  in  Britain  reported  saving  up  to 
.3ut  ,tH10  per  annum.  Many  more  examples  could  be  cited,  and  it  appears  that 
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manufacturers  are  becoming  more  conscious  of  the  obvious  and  effective  service 
that  may  be  derived  from  value  analysis. 

Value  analysis  tests 

Figure  8-2  illustrates  ten  tests  in  value  analysis,  as  suggested  by  the  Anglo- 
American  Council  on  Productivity.^  Each  product  or  component  is  subjected  to 
the  following  tests: 

1.  Does  its  use  contribute  value? 

2.  Is  its  cost  proportionate  to  its  usefulness? 

3.  Does  it  need  all  its  features? 

4.  Is  there  anything  better  for  the  intended  use? 

5.  Can  a  usable  part  be  made  by  a  lower  cost  method? 

6.  Can  a  standard  product  be  foimd  which  will  be  usable? 

7.  Is  it  made  on  proper  tooling,  considering  quantities  used? 

8.  Do  materials,  reasonable  labor,  overhead,  and  profit  total  its  cost? 

9.  Will  another  dependable  supplier  provide  it  for  le^? 

10.  Is  anyone  buying  it  for  less? 


6  7  g  9  1© 

Figure  8-2.  !Fe*t  tests  /or  value  analysis.  (From  “Design  for  Production, 
Anglo-American  Council  on  Productivity,  1 95-31 

These  tests  cover  the  main  facets  that  have  to  be  considered.  The  question  of 
materials  and  proc^ses  evaluation  will  now  be  discussed  in  more  detail. 

Efficient  ITtilizatioii  and  Selection  of  Materiafe 
In  the  manufacture  of  some  prcKiucts,  materials  constitute  quite  a  sizable 
portion  of  the  totel  production  costs,  and  a  careful  study  of  material  utilization 
may  result  in  substantial  saving.  Reduction  of  scrap  mai’  not  only  affect  direct 
cost  of  materials,  but  it  may  also  reduce  the  costs  of  handling,  storing,  and  dis- 
pO'Sal  of  scrap,  saving  in  space,  labor  costs,  and  machine  time.  An  interesting 

^  B^ign  for  production  {Anglo-American  Councl  on  Prcdnetivity,  produeuviry  report, 

October,  1953), 
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siirvev  earned  out  by  the  Institution  of  Production  Engineers,^  London,  re¬ 
vealed  that  In  the  manufacture  of  metal  components,  the  material  utilization 

in  recent  years  in  Britain  has  been  as  follows: 


Mata^al  Range  of  Material  Utilization  (%)® 

Bar  parts  12-80 

Sheet  metal  66-98 

Brass  sections  65-90 

Iron  castings  53-93 

Almniiiiiim  alloy  casting  67-93 

Steel  stampings  46-86 

Aveia^  for  complete  of  parts 

in  Eght  precision  assemblies  73 


Although  this  survey  was  confined  to  the  metal  working  industry,  the  wide 
range  of  utilization  suggests  that,  while  some  firms  are  materials  conscious  and 

keep  a  close  check  on  scrap  and  swarf,  there  is  plenty  of  room  for  improvement 

in  many  other  ^tabfishments. 


Ikitem  £»•  atecrioii  <jf  materials 

What  criteria  should  guide  the  selection  of  suitable  materials?  Materials  are 
primarily  selected  for  their  physical  and  chemical  properties  in  order  to  ensure 
tnat  the  imrt  will  function  satisfactorily.  When  several  materials  are  suitable, 

and  when  no  other  requirements  have  to  be  met,  the  cheapest  material  is  usuaUy 
selected.  There  are,  however,  numerous  examples  in  industry  where  materials 
aye  cot  been  chosen  with  adequate  consideration  for  optimal  processing  eon- 
tktiocs.  In  ah  eases  where  the  specifications  of  the  materials  impose  a  restriction 
o.  any^^.d  on  the  process  or  on  the  machine,  the  critical  study  of  these  speoifi- 
...  worth  vhile,  in  order  to  ascertain  quantitatively  to  what  extent  the 

^  relaxed.  Among  the  examples  commonly  found  in  industry 

the  *  olio  wing  should  be  briefly  mentioned. 


MaeMne  speeds 

Certain  materials  may  impose  restriction  on  machine  operating  speeds,  such 
M  speeds  of  machine  tools  and  presses  or  flow  through  extruders  due 

wTr  of  materials  having  low  machineability,  or  in  rate  of  flow  incurred 
by  the  plastic  properties  or  high  viscosity  of  the  material.  Many  case  studies 

to  I."  ""  appreciable  increase 

extiT^A^  e’^en  if  more  expensive  materials  are  involved,  the 

P^'^duc- 

(Institution  of  Production  Engineers, 
final  prodaet.  ®  defined  as  the  proportion  of  purchased  materials  converted  to 
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Hoi  processes 

Another  consideration  is  restriction  on  hot  processes,  either  when  the  tem- 
peratiire  required  is  too  high  and  involves  lengthy  heating  operations  or  when 
the  temperature  range  of  the  operation  is  too  narrow  and  repeated  heating  has 
to  be  undertaken  because  of  rapid  cooling.  The  time  required  for  heating,  especi¬ 
ally  when  several  heating  stages  are  involved,  and  the  plastic  or  viscous 
properties  of  the  material  at  the  process  temperature  may  be  vital  factors 
governing  the  production  cycle. 

SmrfiMce  characteristics 

Limitations  caused  by  the  surface  characteristics  of  the  material  may  require 
preparatory  treatment  prior  to  the  main  operation,  particularly  in  cas<^  of 
welding,  plating,  or  painting.  The  necessary  characteristics  of  the  surface  may 


EXAMWUES 


BRONZE  20’i ?  BRASS  AND  LAMINATED  19f 

NYLON  2%-t  NYLON 


m  sgmiP  M  ^ms! 


Figure  8-3.  A  leaflet  for  designers,  eneourmging  the  mse 
of  mglo'n  gears.  (“Design  for  Production,"  Produetirtty  Report 
published  by  the  British  Productivity  Council,  formerly  the 
Anglo-American  Council  on  Productivity,  1053) 


inelude  the  physical  state  of  cleanliness,  the  surface  texture,  surface  finish,  and 


the  chemical 


[ijiilITt] 
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To  obtain  the  required  surface  finish  and  texture,  mechanical  working  processes 
hare  to  be  used,  such  as  roughing,  grinding  and  polishing.  The  skin  properties 
sometimes  play  a  crucial  role  in  welding  and  soldering  or  when  adhesives  are 
used.  The  skin  (usually  an  oxide)  may  have  to  be  removed,  or  alternatively,  a 
new  layer  of  some  suitable  material  may  have  to  be  added.  All  these  treatment 
operations  are  sometimes  very  costly  and  time  consuming,  but  by  careful 
selection  of  materials  and  specifications  some  of  the  preparatory  treatment  may 
be  completely  eliminated.  The  following  examples  are  a  few  of  those  found  in 
industry. 

1.  When  using  strips  or  sheets  with  a  highly  polished  surface  that  have  to  be 
joined  by  adhesives,  a  certain  roughness  is  required  if  the  adhesion  is  to  be 
strong  enough.  The  pohshed  surface,  which  is  often  attained  at  a  cost,  is  in  this 
case  a  disadvantage.  A  correct  specification  may  reduce  the  price  of  the  material 
and  save  a  roughing  operation. 

2.  A  small  shaft  in  a  measuring  instrument  was  ordered  from  a  supplier.  This 
component  had  to  be  nickel-plated  before  assembly,  but  it  was  found  that  prior 
to  plating,  it  had  to  be  surface-ground  and  then  polished  by  barreling.  The 
supplier  had  to  grind  the  shaft  prior  to  delivery  and  the  surface  finish  of  the 
component  had  to  conform  to  the  specifications  he  obtained.  By  restating  these 
specifications,  he  could  supply  the  shafts  with  a  higher  surface  finish  at  a  rela¬ 
tively  small  increase  in  costs,  while  the  second  grinding  operation  with  the  extra 
setup  that  was  involved,  could  be  eliminated. 

3.  In  the  manufacture  of  electronic  instruments  a  1-inch  mild-steel  strip  was 
used  to  produce  pressings.  With  a  hole  drilled  at  each  end,  one  function  of  the 
pressings  was  to  serve  as  a  connection  tag  for  several  terminals.  The  soldering  of 
the  wires  to  the  tag  proved  to  be  somewhat  difficult,  owing  to  the  skin  oxide, 
and  many  faulty  connections  were  found  during  inspection.  When  a  tinned  strip 
was  tried,  it  was  found  that  the  change  in  material  specification  had  no  effect  on 

the  press  operation,  while  the  rejects  due  to  dry  joints  in  soldering  virtually 

disappeared. 


Mew  fmstermls 

New  materials  become  available  for  a  variety  of  new  uses  every  day.  Synthetic 
for  instance,  have  in  recent  yeaxs,  come  into  many  uses  which  had  been 
ffitherto  wnfined  to  metals  and  their  alloys.  Epophen  epoxide  resins  are  now  even 
u  in  making  tools  and  jigs,  so  that  in  spite  of  the  lower  tensile  and  im- 

^  poorer  hardness  qualities  of  these  materials  (compared  with 
f  4-h '  w  ^  seriously  considered  for  application  in  many  cases,  owing 
^  e  rea  ive  y  s  ort  time  required  for  production  of  the  tools  and  jigs.  Other 
nf  ^  e  t  e  appreciable  reduction  of  machining  and  thereby  release 

^ehme  tool  capacity  in  the  tool  shop  and  to  the  reduction  of  total  production 
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Mmmsional  specifications 

Improper  dimensional  specifications  of  the  materials  often  increase  the 
amount  of  scrap  appreciably.  Some  examples  are  as  follows: 

1.  For  the  manufacture  of  seamed  tubes  of  2-inch  internal  diameter,  a  plant 
used  a  strip  7-inches  wide.  First  the  strip  was  fed  through  a  saw,  trimming  the 
width  to  6.3  inches,  so  that  when  the  strip  passed  through  the  roHers  that  gave  it 
the  required  cylindrical  form,  its  internal  diameter  was  2  inches  as  required.  The 
swarf,  which  amounted  to  about  10  per  cent  of  the  purchased  material,  consisted 
of  a  very  long,  narrow  strip  that  soon  became  untenable,  owing  to  its  volume.  It 
was  therefore  necessary  to  use  a  small  press,  which  was  placed  right  beyond  the 
saw,  in  order  to  chop  the  emerging  narrow  strip  into  bits  of  about  1  inch,  and  in 
this  form  the  swarf  was  convenient  for  disposal.  A  study  of  the  dimensional 
specifications  of  the  strip  revealed  that  a  special  strip  6.3  inches  wide  could  be 
o^rdered,  but  since  this  dimension  was  not  standardized,  it  would  cost  6  per  cent 
more,  even  though  this  strip  was  narrower  than  the  original  7-inch  one.  The 
saving  of  10  per  cent  scrap,  the  sawing  and  chopping  operations,  the  release  of  the 
saw  and  the  press,  and  the  elimination  of  swarf  handling,  aH  th^e  greatly  out¬ 
weighed  the  extra  cost  of  the  new  strip. 


Tigore  8—4.  Mesting  for  press tcotrk  font  better  mfilizmti&n  o/  wmiermls*  Pere«f«0e 
figures  imdiemte  the  smring  effected  bg  the  mete  arramgements*  (Repxmted  with 

permi^ion  from  James  P.  Young,  3iat€rial  and  I^rxesses^  John  &  Sons,  Ine..  195*41 


2.  The  specification  of  metal  strips  for  blanking  in  press- work  is  greatly 
affected  by  what  is  called  * ‘nesting^’  of  the  components  on  the  strip.  Figure  b-4 
shows  several  examples  of  material  saving  by  proper  nesting  and  its  effect  on  the 
width,  of  the  strip  that  should  be  purchased. 
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3.  A  common  example  is  the  nse  of  bar  stock  of  excessive  diameter  for  turning 
operations.  In  Fig.  8-5  the  component  has  a  maximum  diameter  for  0.800  inch, 
and  the  use  of  1  J-inch  bar  stock  is  very  wasteful,  first  because  of  the  large  amount 
of  swarf  that  has  to  be  manufactured  and  secondly  because  of  the  machine  time 
that  is  required  to  machine  down  the  l|-inch  diameter  to  0.800-inch  diameter. 
A  more  appropriate  bar  stock  in  this  case  would  be  |  inch  or  even  ^  inch. 


Figure  8-5.  Excessive  stcaTf  C€msed 
5|f  selection  of  bar  stock  of  too  large 
a  diameter. 


Swarf 


Material  Utilization  of  a  Product  or  Assembly 

Tbe  material  ntiiization  of  a  component  has  been  defined  as  the  ratio  of  the 
amount  of  material  comprising  the  component  to  the  amount  of  material  that 
goes  into  the  production  process.  This  figure  is  easily  found  by  the  ratio  of 
weights. 

Even  in  the  case  of  a  product  or  an  assembly  comprising  several  such  com¬ 
ponents,  this  esamination  by  weights  ratio  is  appHcable.  However,  though  this 
figure  gives  a  very  general  idea  as  to  the  level  of  utilization,  it  does  not  provide 
enough  i^ful  information  for  the  purpose  of  value  analysis  because  it  does  not 
show  which  components  involve  waste.  For  the  same  rea^son,  a  simple  arithmetic 
average  of  the  figures  for  material  utilization  of  the  components  is  generally 
meaningless:  20  per  cent  utilization  for  one  component  may  be  far  less  serious  a 
matter  than  even  hO  per  cent  utilization  for  another.  A  different  approach 
therefore  seems  advisable :  All  components  are  reduced  to  a  common  denominator 
by  weighing  the  utilization  figures  against  the  relative  production  cost  of  the 
components,  as  shown  in  the  accompanying  table. 


Material 

Uiilization 


Total  Pmd. 
CoMs 

Cg 


Melaiim 
Prod.  Costs 

Cj  =  GjjC 

Cg 


Partial  UtiiisafMm 
Pigure 

WA 


ToM  (for  the 
whole  a^embiy)  IF 


o  =  2e,-  2c^-  =  1 

t=i 


m 

1=1 


The  equivalent  utilization  for  the  assembly  is  obtained  by  the  product;  of  the 
second  and  fourth  columns  for  the  assembly,  namely,  TF  Sc.-  or  W-1,  but  this 
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figure  is  also  given  by  the  summation  of  the  partial  utilization  figures  in  column 
5;  therefore 

n 

W  =  ^wfii  (8-1) 

1=1 

The  partial  utilization  figures  represent  the  contribution  of  each  component 
toward  the  total  equivalent  figure.  The  fourth  column  shows  the  maximum 
contribution  that  could  be  obtained  if  each  component  had  a  material  utilization 
figure  of  100  per  cent.  By  comparing  the  last  two  columns  it  becomes  a  simple 
matter  to  determine  which  components  should  be  analj^ed  first.  Let  us  examine 
the  application  of  this  method  by  an  example. 

Example 

An  assembly  consists  of  six  components,  having  material  utilization  figures  of 
80,  52,  22,  20,  20,  and  95  per  cent.  The  production  costs  are  §2.(H),  $1.10,  $3.12, 
§0.52,  $0.10,  $0.04.  The  accompan3?ing  table  gives  the  corresponding  data. 


C&mpment 

Maierial 

Prod. 

M€l€dim 

Partied  C/lflfsaiicm 

No. 

UtMizaiion  (°) 

Costs 

Prod.  Costs 

Piffure 

1 

0.80 

S2.00 

0.291 

0.233 

2 

0.52 

1.10 

0.160 

0.083 

3 

0.22 

3.12 

0.453 

0.100 

4 

0.20 

0.52 

0.016 

0.015 

5 

0.20 

0.10 

0-015 

0.003 

6 

0.95 

0.04 

0.006 

0.006 

Total 

$6.88 

1.001 

0.440 

The  equivalent  material  utilization  figure  for  the  assembly  is  44  per  cent.  It  is 
evident  from  the  table  that  improving  the  material  utilization  of  the  last  three 
components  will  not  contribute  very  much,  whereas  the  first  three  contribute 
now  about  42  per  cent  out  of  a  potential  figure  of  ^  per  cent;  the  third  com¬ 
ponent  particularly  should  be  studied  for  possible  improvement  (as  it  contri¬ 
butes  now  10  per  cent  out  of  potential  45  per  cent). 
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TMs  method  is  shown  graphically  in  Fig.  8-6.  The  relative  production  cost 
Cj  is  drawn  at  an  angle  —  arc  cos  %  =  36.8°  to  the  horizontal  axis,  then  Cg 
at  an  angle  pg  =  arc  cos  =  58.7°,  etc.  The  partial  utilization  figures  accumu¬ 
late  on  the  horizontal  axis  until  44  per  cent  is  obtained  for  the  whole  assembly. 
In  the  polygon  constructed  in  this  way,  the  longer  the  side  and  the  larger  the 
angle,  the  more  worth  while  it  is  to  study  the  material  utilization  of  that  com- 
|»iient. 

Materials  utilization  of  a  shop  or  a  process 
The  same  method  can  he  employed  to  find  the  materials  utilization  of  a  shop 
or  a  process.  Again,  the  over-al  utilization  established  by  the  ratio  of  total 
material  output  to  total  material  input,  is  often  useful  for  obtaining  an  idea 
about  the  amount  of  scrap  and  swarf  involved.  The  second  method,  however, 
gives  an  indication  as  to  where  action  would  be  most  effective.  In  this  case, 
however,  the  nuinber  of  components  produced  should  also  be  taken  into  account, 
since  the  larger  the  batch,  the  greater  is  the  contribution  toward  the  total 
materials  utilization.  Hence  the  preceding  computation  table  has  to  be  modified 
as  folows: 


Prai. 

Xo.  Toimme 

Immiis  -per 
MMit  iime] 

Material 

Cf 

Am 

Total  Prod.  Relative 

Costs  Prod, 

p&r  «»!  per  hatch  Costs 

Partial 

Utilization 

Figure 

1  Q^ 

^  Q, 

c,  =  CA/C 

Q^C^  Cg 

*■  Qi 

M7f 

G. 

QiCi  c,  =  Q,CJC 

WiPi 

Q. 

G» 

QnCn  <^n 

Total  IfiB-  the 
■whde  shop) 

IP 

n 

C  = 

i=l 

n 

t~i 

llms 

II 

II 

n 

(8-2) 

C  represents  the  total  turnover  of  the  shop  in  the  period  of  time  taken  for  the 

sradr  (a  week,  a  month,  etc.).  Prom  the  partial  utilization  figures  (or  from  the 
polygon)  the  components  that  require  fiu*ther  study  may  be 


has  been  assumed  in  this  method  that  the  proportion  of  materials  costs  to 
^  ^sts  is  about  the  same  for  all  components  in  the  shop,  and 

manv  studies  this  assumption  is  adequate.  When,  however,  the 
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c^osts  content  varies  widely  from  one  component  to  another,  this  factor  has  to 
be  taken  into  account.  The  materials  content  factor  is  defined  as 

^  cost  of  material  ,  ,v 

j8,.  = - (of  the  ith  component) 

total  prod,  costs 

and  the  partial  utilization  figure  is  compared  with  which  is  the 

maximum  that  can  be  achieved  with  100  per  cent  materials  utilization.  The 
Over-all  figure  is 

n 

(8-3) 

Selection  of  Processes 

The  purpose  of  production  processes  is  to  attain  one  of  the  following  objectives : 

To  shape  the  material  as  nearly  as  possible  to  the  final  desir^l  form  and  dimen¬ 
sions,  in.  order  to  save  materials,  machine  t'ime,  and  labor 

To  Join  components  into  assemblies  that  pos^ss  the  required  functional 
qualities 

To  improve  the  properties  of  the  material,  for  inst'ance  by  heat  treatment  or 
by  addition  of  other  materials  to  form  alloys,  coatings,  etc. 

Analysis  of  processes 

As  in  the  case  of  materials,  the  selection  of  production  pro^ee^es  should  be 
primarily  determined  by  technologicai  considerations,  in  order  to  ensure  the 
archievement  of  these  objectives.  It  is  not  intended  to  describe  here  the  various 
production  processes  in  use  and  to  relate  the  advantages  of  each;  this  w^ould 
require  too  much  spa^ce  and  therefore  the  reader  is  advised  to  study  some  of  the 
titles  mentioned  in  the  references.  Assuming  that  the  reader  is  familiar  with  the 
subject,  the  foUowing  exposition  will  mainly  dwell  on  the  problem  of  selection 
between  different  processes,  all  of  which  may  be  equally  acceptable  from  the 
technological  analysis  aspect.  Obviously,  if  only  one  process  is  capable  of  pro- 
ciucing  the  required  characteristics,  management  decision  is  confined  to  the 
cquestion:  Should  the  component  be  produced  in  the  plant  or  bought  from  sup¬ 
pliers?  The  final  decision  will  mainly  rest  on  the  comparative  costs  of  self¬ 
production  versus  procurement.  Usually,  however,  the  component  can  be  made 
by  methods  A,  B,  O,  etc.,  some  of  which  may  be  at  the  plant’s  disposal,  while 
others  may  either  involve  subcontract  or  new  installations  at  the  plant.  It  is 
therefore  nece^ary  to  decide: 

1 .  What  additional  functional  qualities  ir«;ult  from  the  proce^es  in  question, 
apart  firom  the  Trimiminn  requirements  set  in  the  specifications,  and  how'  much 
do  they  cost? 

:2.  How  do  the  proire^es  mnipare  in  at  various  production  ranges 
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(foUowing,  for  example,  the  method  iUnstrated  in  Fig.  8-7),  and  what  is  their 
rating?  THs  is  useful  when  processes  hare  to  be  re-evaluated  because  of  ehang- 
mg  conditions,  when  the  best  process  cannot  be  exploited,  owing  to  overloading 
in  the  plant  or  reluctance  of  management  to  subcontract  certain  components. 

i 

3 


jr  -j-- -  Figure  8-7.  Initial  evaluation  of  three 

Wi-2  Q2-3  processes. 

3.^  Uacier  what  co-nditions  is  it  adYisahle  to  increase  the  capacity  of  a  giTen 

production  center  by  acquisitions  of  additional  equipment,  while  machines 
operating  on  an  “inferior”  process  (as  determined  by  the  above  rating)  remain 
idle  or  have  to  be  scrapped? 

Evidently  the  value  analysis  of  production  processes  is  verv  helpful,  but  the 
process  defined  as  “best”  is  essentiaUy  “best”  under  idealized  conditions.  In  the 
final  analysis  all  the  operational  factors  pertaining  to  the  circumstances  pre¬ 
vailing  in  the  plant  have  to  be  taken  into  account.  Availability  of  machine  time, 
shop  loading,  and  fluctuations  in  the  production  schedule,  expansion  possibilities, 
subcontractors  offers  and  competence,  subcontracting  policy — these  are  some 
of  the  factors  that  have  to  be  carefully  weighed,  and  it  may  well  be  that  what 
is  best  for  one  plant  is  not  best  for  another. 

Apart  from  new  processes  and  new  materials,  which  may  revolutionize  the 
production  or  initiate  an  entirely  new  approach  to  production  problems,  one 
factor  that  greatly  affects  the  selection  of  methods  (and  sometimes  materials)  is 
the  quantity  to  be  produced.  The  effect  of  quantity  on  the  economic  analysis  of 
production  was  already  discussed  in  Chapter  5.  Suppose  that  in  the  first  analysis 
three  processes  (1,  3)  are  considered  suitable  finm  the  product  characteristic 

point  of  view,  and  the  break-even  chart  is  represented  by  Fig.  8-7.  The  fixed 
costs  are  given  bj  Cj,  <^31  respectively,  but  the  variable  production  c<^ts 
decrease  as  the  fixed  costs  increase,  say,  owing  to  increased  rate  of  production. 
Assniniiig  that  all  three  processes  'are  a¥ailable  and  questions  of  capacity  do  not 
affect  the  analysis  at  this  stage,  the  following  simple  rule  is  adopted: 

When  Q  a  Qi-z  "^se  proems  1  (Q  being  the  quantity  to  be  produced) 
For  Q  <i  use  proems  2 

For  <  Q  ijse  proo^  3 

For  the  special  cases  $  =  or  $  -  the  decision  will  rest  on  what  is  pre¬ 
dicted^  for  future  development.  If  now  §  =  but  there  are  indications  that 
quantities  wil  probably  increase  in  the  future,  process  2  is  adopted,  etc. 
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Suppose  the  quantity  to  be  produced  is  between  and  and  that  process  2 
has  been  selected.  The  market  has  now  been  expanded  slightly  beyond  and 
according  to  the  initial  analysis  of  Fig.  8^7,  process  3  becomes  more  economical. 
The  question  of  changeoYer  must  also  take  into  account  any  capital  expenditure 
involved  in  such  a  step,  and  this  is  done  on  the  lines  discussed  in  Chapter  5  for 
changes  in  models  or  designs. 

An  additional  factor  that  has  to  be  considered  is  the  effect  of  experience  and 
learning.  During  the  period  of  exploiting  process  2,  better  methods  may  have 
been  developed  and  operators  may  have  become  more  skilled  in  their  job,  leading 
to  a  situation  as  shoi^m  in  Fig.  8~8,  where  2  is  the  initial  evaluation  of  process  2 
and  2  is  its  present  evaluation.  The  break-even  point  is  transferred  to  , 
so  that  even  'when  a  larger  production  volume  is  required,  it  may  well  be  that 
process  2  is  still  good  enough.  Similarly,  situations  may  arise  where  re-evaluation 
reveals  that  the  existing  process  has  ceased  to  be  the  best  one  and  should  give 
way  to  another.  The  effect  of  the  learning  curve  and  a  step-wise  fixed  costs 
fimction  on  the  total  costs  is  further  discussed  in  Chapter  20, 


Figure  8-8.  Re-e-valmation  of  process 
2  in  relation  to  process  3. 


Numerous  case  studies  have  been  carried  out,  in  which  the  main  theme  is  the 
evaluation  and  comparison  of  processes  on  the  lines  described  above.  Perhaps  a 
few^  examples  wdll  be  useful. 

E3mm.ples 

1.  The  use  of  cold  heading  has  often  been  proved  to  be  more  economical  than 
machining  when  the  quantities  to  be  produced  are  big  enough.  Two  factors 
contribute  to  the  superiority  of  this  process:  saving  in  material  and  high  rates  of 
production.  Figure  8-9  describes  three  ca,se  studies  in  cold  heading  versus 
machining. 

2.  Accurate  casting  methods  are  often  used  to  cut  down  machining,  or  even 
to  eliminate  it  altogether.  Complex  components  can  be  made  to  close  dimensional 
tolerances  wdth  a  high-grade  surface  finish,  so  that  in  many  cases  accurate  cast¬ 
ing  can  economically  replace  sand  easting  or  other  production  processes.  In 
Fig.  8-10  three  instances  are  cited  to  illustrate  the  use  of  gravity  die  casting  and 
shell  molding  instead  of  sand  casting,  and  investment  casting  instead  of  complex 
milling  operations.  Some  typical  parts  produced  by  investment  casting  are 
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Figure  8-9.  Case  studies  in  cold  head-^ 
ing  versus  machining^ 

(“Material  Utilization  in  the  Metalworking 
Industries”,  Institution  of  Production 
Engineers,  London,  1955) 

(a)  The  screw  was  originally  turned  from 
hexagon  steel  bar,  the  material  utilization 
being  33  per  cent.  Cold  heading  increased 
material  utilization  to  84  per  cent  and 
reduced  costs  by  53  per  cent. 

(b)  When  producing  the  illustrated  motor 
engine  connecting  rod  by  cold  heading  and 
thread  rolling  instead  of  using  conventional 
methods,  a  saving  of  63 per  cent  was 
eifected. 

(c)  The  screw  was  originally  machined  on 
a  single  spindle  auto.  When  changed  to  cold 
heading,  a  saving  of  about  3,500  poimds  of 
steel  resulted  for  half  a  million  screws. 
Material  utilization  in  the  first  method: 
23-4  per  cent ;  in  the  new  method :  virtually 
100  per  cent. 


faf  QmIi^ 


Sund  casHng 


-Finished 

part  Shelf  mouf 


-17"  dia.- 


Cosfifig 


(b)  Shell  Moulding 


Cb,|  To  pxMiaje  canponents  of  this  Mnd 

to  allowed  for,  and  the  thin  section  i  +  c^tu^,  a  comparatively  thick  wall  has 
the  emt  ccmixynent  requires  65  tmr  '  f  t  ’©J*  achieved  by  machining.  In  shell  molding 

and  rawning  ^  machining  (including  milling, 

FBodaetion  eame  to  one-third  of  the  origM  mlSS®  iiistead,  the  total 
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shown  in  Fig.  8-11.  When  large  quantities  are  involved,  pressure  die  casting 
with  permanent  molds  becomes  an  economical  proposition-  With  a  very  small 
rate  of  scrap,  high  dimensional  accuracy,  and  high  rate  of  production,  pressure 
die  casting  can  be  used  to  make  very  complicated  shapes  (Fig.  8-11). 


Figure  8-11.  Parts  produced  bp  accurate  casting  methods • 

(Reprinted  with  permission  of  United  Carbide  International  Co.| 


Figure  S-12.  -4w  eMmple  of  the  use  of 
poicder  metallurgy.  The  illustrated 
part  was  first  produced  by  milling  a 
solid  piece  of  steel.  Milling  is  a 
lengthy  operation,  and  by  changing 
the  process  to  poicder  metallurgy,  a 
saving  of  74  per  cent  in  production 
costs  teas  obtained.  r'Maierial  Uiiliza- 
tion  in  the  Hetalworkmg*  Industries 
Institute  of  Production  Engineers,  London, 
1’955) 


3.  The  powder  metallurgy  process  may  effectively  replace  casting  and  machin- 
ing  processes.  Figure  8-12  describes  a  case  where  the  use  of  powder  metallurgy 
reduced  costs  by  about  74  per  cent.  Some  typical  parts  produced  by  powder 
metallurgy  are  shown  in  Fig.  8-13.  Apart'  from  its  economic  advantages,  com¬ 
ponents  produced  by  powder  metallurgy  may  be  self- lubricating  (owing  to  the 
porous  structure  of  the  material),  a  feature  that  lends  the  process  superior  func¬ 
tional  advantages  in  the  case  of  bush  bearings,  etc. 

4.  A  thick  metal  washer,  |-mch  OB,  as  illustrated  in  Fig.  8-14,  may  be 
produced  in  two  ways: 

(i)  Machming  in  a  lathe,  using  l-mch  diameter  bar  stock,  in  twn  operations: 
hole  drilling,  parting  off.  This  methexi  is  time  consuming,  even  when  a  multiple 
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Rgiire  ,S~i3.  .-1  group  of  tgpiemi  -parts  produced  bg  the  poicder  metal-- 

imrgg  process.  (Coartesy  Amplex  Dmsion,  Chrysler  Corporation) 


r 

2 


“  •  16 
The  WQsfier 


Use  of  metal  strips 
for  blanking 


Figure  S-14. 

Mlankimg  a  thick  teas  her. 


partirg-oS*  tcol  is  used,  and  tlie 

si  inch,  not  counting  the  hole)  is 


amount  of  swarf  (assuming  a  tool  width  of 


3^ 

100  =  33% 

32  ie 
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(ii)  Blanking  by  press,  where  the  material  wastage  is  roughly  (assuming  a 
strip  i  inch  wide  is  used,  and  not  counting  the  hole) 

(0.5)^  ~  i{0.5\ 


0.52 


^  100  =  21.5% 


Tins  .igure  can  be  reduced,  since  more  washers  can  be  blanked  from  a  wider  strip. 

5.  Press  work  is  a  very  efficient  production  process  w-hen  large  quantities  of  a 
component  are  required.  Very  often,  several  press  operations  are  needed,  and  a 
transfer  press  for  multistage  operations  may  economically  replace  a  battery  of 
presses  in  the  shop  (Fig.  8-15).  Some  case  studies  on  transfer  presses  suggest 
that  they  become  worth  while  even  vrhen  they  are  not  fully  utilized,  owing  to 
saving  effected  in  ioor  space  and  materials  handling. 


Figure  8-16.  Use  of  rubber  dies  versus 
steel  dies  im  press  work. 


Figure  8-1 T.  Bulging  tciih 

a  rubber  die. 


6.  Pre^  work  in  small  quantities  may  be  very  effective  with  the  use  of  rubber 
^es.  The  rubber  die  has  a  life  of  10,000  to  20,000  operations,  so  that  when 
aj^er  batches  are  involved,  the  dies  have  to  be  replaced.  The  rate  of  production 
by  rubber  dies  is  relatively  low,  and  therefore  this  method  eaimot  hope  to 
rompete  vnth  conventional  steel  dies  (Pig.  8-16)  in  producing  large  quantities, 
there  are,  however,  some  applications  for  which  rubber  dies  are  ideally  suitable; 
lor  instance,  for  bulgiiig,  as  shown  in  Fig.  8-17. 
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7.  PiHiGhing  in  sheet  metal  working  has  been  found  to  be  more  economical 
than  drilling,  even  when  several  drilling  operations  are  performed  simultaneously 
on  a  multispindle  machine.  In  some  cases  the  drilling  has  to  be  carried  out  after 
pressing  of  sheet  metal,  and  this  may  involve  lengthy  setting-up  operations. 
The  use  of  piercing  units  (incorporating  a  punch  and  a  lower  die  block),  for  the 
pressing  shown  in  Fig.  8-18,  allows  all  the  holes  to  be  punched  simultaneously 
by  operating  all  the  piercing  units  in  one  ram  travel.  The  umts  can  be  standar¬ 
dized  for  various  operations  and  their  location  can  be  facilitated  by  V-slots.  In 
this  way  costly  dies  or  lengthy  drilling  operations  can  be  saved. 

8.  The  spinning  operation  may  become  an  excellent  substitute  for  press  work. 


Figure  8-1 S.  Vse  of  rerfical  and  horizontal  units  as  a  substitute  for  drilling.  I  nits 
€ife  located  in  the  appropriate  positions  and  the  holes  are  pierced  in  one  travel 
of  the  ram.  (“The  British  Preyed  MeM  Industrj,^ ”,  Anglo-American  Council  on 
Froductivity,  1958) 
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workers  may  often  be  adequate)  and  the  operation  is  distinctly  slower,  spinning 
involves  low-cost  dies,  and  it  may  therefore  become  more  economical  when 
small  batches  are  required.  The  cost-function  comparison  is  somewhat  similar 
to  the  ease  in  Mg.  8-17.  Spinning  becomes  particularly  advantageous  when  it 
replaces  multistage  deep-drawing  operations  which  require  several  sets  of  tools 
or  when  frequent  changes  in  design  are  desirable.  To  change  press  steel  tools  for 
a  new  design  is  a  very  costly  affair,  while  in  wooden  dies  for  spinning  the 
opposite  is  the  ease.  For  example,  an  aluminium  lighting  reflector  (Fig.  8-19) 
having  a  large  diameter  would  require  a  fairly  large  press,  which  would  be 
comiderably  more^ costly  than  a  spinning  lathe  with  its  comparatively  cheap 
tools.^If  the  quantity  to  be  produced  does  not  exce^^ed  several  thousand  pieces, 
spinning  may  be  far  chea|^r. 


Figure  8-19.  ^  Spinning  a  metal  reflector, 

fCoiirt6sy  Spineraft,  Inc.,  ^Iilwatik:re_l 

A  cross-sectional  view  of  small  spiimiiig  lathe 
witii  maple  pattern  {called  block)  attaebed  to  spindle. 

Aliiminium  blank  clamped  against  block,  both 
revolve  at  sp^  of  2,600  RPM  and  operator  prepares 
to  spin. 

(3)  Pressure  of  tool  against  revolving  meM  eans^ 
it  to  assume  shape  of  block. 

(4)  Operator  prepares  outer  «ige  for  trimming. 


9.  The  use  of  welding  for  construction  work  is  becoming  widespread,  and 
wel^g  IS  rapidly  replacing  other  joining  methods  (riveting  and  bolting)  and 
cas  mg,  e  preference  of  welding  to  other  joining  processes  being  mainly 
based  on  a  ewt  analysis.  Compared  with  casting,  the  welded  construction  ha^ 

some  outstanding  advantages; 

(i)  It  uses  far  less  material,  which  in  many  cases  constitute  a  substantial 

item  m  total  costs. 
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(ii)  It  need  not  be  assembled  in  the  plant.  The  parts  can  be  transported  to 
the  site  where  the  final  construction  has  to  be  erected,  and  assembled  there. 
This  may  appreciably  reduce  transportation  costs  (which  are  high  for  bulky 
and  awkward  constructions)  and  free  space  at  the  plant. 

(iii)  It  is  lighter  and  therefore  easier  to  handle. 

Two  examples,  where  welding  was  substituted  for  casting,  are  shown  in  Fig. 
8-20.  Apart-  from  a  spectacular  reduction  in  the  weight  of  the  structures,  the 
costs  in  each  case  were  reduced  by  about  30  per  cent. 


Welded  angle  iron 
weight  11  !b. 


(b) 


Figure  8-20.  WeMing  repMcing  casting. 

(■‘Material  Utilization  in  the  Metalworking  Industrie”,  Institu¬ 
tion  of  Production  Engineers,  London,  1955} 

(a)  A  common  machme  bedplate.  Use  of  welding  saved  approxi¬ 
mately  fifty  pounds  in  weight  and  S2.5  per  cent  in  production 
costs,  compared  with  casting. 

(b)  A  bench  leg  commonly  used  in  engineeiing  plants.  CSiange 
from  easting  to  welding  reduced  weight  from  24  to  1 1  pounds  and 
reduced  costs  by  30  per  cent. 
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10.  An  interesting  example  for  combming  operations  is  shown  in  Fig.  8—21, 
where  turning  and  grinding  were  substituted  by  machining  on  a  shaving 
Changes  of  this  kind  may  be  worth  while  even  when  the  suggested  operation  is 
slower  than  those  being  used  currently,  as  in  many  cases  the  saving  of  baTn^HTig 
loading,  and  unloading  between  operations  is  very  substantial. 


Figure  S-21.  Production  of  rotors  for  P.H.P.  motors. 
Former  method:  turning  and  grinding,  new  method: 
rotary  machining  on  a  sharing  machine:  saving:  ten 
minutes  per  rotor.  (Courtesy  Brown,  Boveri  &  Co.,  Ltd, 

Switzerland) 


Itesign  for  Prodocticni 

Tlie  exploration  and  evaluation  of  various  alternatives  in  the  selection  of 
materials  and  proe^ses  should  have  an  effect  on  the  design  of  the  product,  as 
alreMy  illustrated  in  Kg.  8-1.  This  is  a  vital  feedback;  The  experience  gained 
during  the  manufacturing  pericKi  of  the  product  should  be  closely  scrutiniz«i 
with  the  view  of  introducing  modifications  into  the  design  to  make  it  easier  and 
cheaper  to  produce.  The  examples  enumerated  above  illustrated  how  such  goals 
may  he  achieved  through  reduction  of  scrap  and  by  employing  a  cheaper 
production  method;  some  of  them  indicated  the  need  for  design  modifications 
for  that  purpose. 
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Scope  of  modifications 

Design  modifications  may  be  required  to  effect  solution  of  production  prob¬ 
lems.  Among  these  are  the  following: 

(i)  Modifications  in  the  design  of  the  component,  to  facilitate  the  use  of 
higher  production  rates,  better  methods  or  materials;  easier  handling,  loading. 


I2  dia.  1"  dia. 


U - 6" - H 


-  dia. 


T 


The  Shaft  Produced  by  Turning  a  Dio.  Stock  Bar 


Alternative  (i):  Locate  Split  Ring  in  Groove 


Affernative  fii):  Use  Circlips 

fBraze  or  solder 


Alternative  Braze  or  Solder  Rings  to  Shaft 
_ ^^^^Screw 


Alternative  fivj:  Screw 

Figixre  8—22.  The  0/  m  sho/miSered  shmft* 


and  positioning  in  the  machine;  quicker  unloading;  easier  inspection  to  enable 
detection  of  faults  at  various  stag^  of  the  production;  easier  and  quicker 
mac-hine  setting,  etc.  Xaturally,  such  modifications  have  to  be  checked  from  the 
oonsumer’s  point  of  view,  to  ascertain  that  the  functional  qualities  of  the  product 
are  thereby  not  impairwi. 
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(u)  Combination  of  several  components  into  one,  in  order  to  reduce  or 
eliminate  processing  operations  of  individual  components  and  the  need  of 

matching  and  assembly  operations. 

(m)  Division  of  a  component  into  several  parts,  especially  when  the 
component  involves  excessive  machining  operations,  lengthy  positioning,  or 

complicated  inspection. 

Several  examples  follow  to  illustrate  modifications  in  design  on  these  lines. 

Examples 

1.  A  shaft  1  inch  in  diameter  is  to  be  produced,  having  shoulders  of  li-inch 
and  li-ineh  diameter,  respectively,  as  sho'tra  in  Fig.  8-22.  The  original  method 
consisted  of  turning  down  steel  bars  of  li-ineh  diameter.  The  scrap  amounted  to 


Figure  8-23.  Modifying  a  design.  Pro-- 
gressi redesign  modifications  to  reduce 
production  costs  of  spring  end  plug 
in  roltage  regulator  {a  transformer 

component).  (“Design  for  Produetion’^ 
Anglo-American  Council  for  Productiiniv, 
1953) 


slightly  above  50  per  cent  of  the  stock 
considerable  amount  of  lathe  time.  The 

considered: 


bar,  and  the  machining  consumed  a 
following  alternative  methods  were 


O  Use  1  inch  bar  as  raw  material,  cut  shallow  grooves  in  position  of  the 

sho^dem.  and  insert  split  rings  that  can  be  slid  across  a  1-inch  shaft  and  sprung 

ack  to  locate  m  the  grooves.  Only  5  per  cent  of  the  material  has  to  be  machined 

in  this  method. 
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|ii):  Use  1  -inch  bar  and  position  the  rings  by  circlips,  with  or  without  the 
grooves  mentioned  in  the  preceding  method. 

(iii)  Eliminate  the  turning  operation  and  Join  the  rings  to  the  l-inch  bar  by 
bmzing  qt  soldering. 

(iv)  Screw  the  shoulders  to  the  shaft. 


©  Bearing  bracket- 
®  Bottom  iournol 
clamp  (casting) 
@  Screw  (three) 


(D  Bearing  bracket 
@  Bottom  ioumal  clamp 
(two  pressings) 

®  Screw  (three) 


®  Top  toiima!  damp  (casting) 

(a) 


OLD 

1.  Pin  welded  to  link 

2.  Roller  slip  fit  over  pin 

3.  Retainer  pressed  over  pin. 
Close  tolerance  on  retainer 
position 


Pin 

Link  \ _ _ 

NEW 

1.  Pin  -  slip  fit  into  link 
and  staked 


Boiir 


a 


// 


Hole  drilled 
through 


Section  through  X~X 

(D  Housing 
tD  Shaft 
iD  Wheel 
©  Spring  clip 


NEW  i:*SIGN 

w 


"O"  mark  on^„.ip^^ 

burr  side  ” 

OLD  HEW 

I.  Oea:rs  placed  in  assembly  1.  Gears  placed  in  assembly 
with  bu^rr  sides  opposite  with  burr  sides  opposite 

Operator  must  feel  geois  Operator  determines  bum 
to  find  burr  side  side  visually 

(d| 

Figure  8-24.  Examples  of  design  mf>difieMfions : 


mD 

Two  parts  omitted 
1  Steel  sleeve 
2.  Smoll  ”0”  ring 


NEW 


{a  I  Bearing  bracket  joiirnal  clamp  |  ( J.  Rawicz-Szezerbo,  “  \  alne  Analysis  I.  Institution 
(b)  "Wbeel  mounting  of  a  vacuum  |  of  Production  Engineers,  195S) 

(e)  Valve  assembly  )  (Courtesy  Process  Department,  General  Motors  Corporation, 

(d)  Ban.  assembly  |  Detroit) 
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AH  four  methods  have  one  feature  in  common:  They  strive  to  reduce  or  elimi¬ 
nate  scrap  and  machining  time  by  introducing  an  operation  for  locating  rings 
on  the  shaft.  The  simplest  and  cheapest  alternative  is  the  use  of  circlips  without 
grooves  on  the  shafts,  and  in  the  case  study  referred  to,  this  method  proved  to 
be  satisfactory.  Had  the  shoulders  been  subjected  to  side  thrust,  brazing  or 
^Idering  would  have  been  preferable.  The  fourth  alternative  is  generally  more 
costly  than  the  third,  sini^  the  shafte  have  to  be  drilled  and  tapped.  This  example 
shows  how  the  change  in  production  process  may  require  a  change  in  design, 
which  sometimes  involves  a  change  in  the  number  of  components  in  the  assembly. 
In  this  case  a  one-piece  shaft  is  replaced  by  a  shaft  plus  two  rings,  not  counting 
the  circlips  that  are  required  by  the  second  alternative. 

2.  The  spring  end  plug  of  a  voltage  regulator,  shown  in  Fig.  8-23,  was  re- 
d^ign^l  .^veml  times..  Finally  a  cold  pressing  was  substituted  for  a  component 
ianied  from  a  bar,  resulting  in  a  substantial  reduction  of  production  costs.  The 
mtewmM&ie  dmign  stages  are  typical  of  the  process  analysis  that  is  often 
^rria:!  out  in  cases  of  tMs  kind.  In  spite  of  the  comparatively  low  annual  con- 
smaption  of  this  part,  a  saving  of  |7,5CM3  a  year  was  achieved. 

3.  A  ball-beariiig  bracket  for  a  ceiling  fan  (Fig.  8-24)  was  originally  designed 
to  take  two  clamps,  between  which  the  hearing  was  held.  In  the  new  design  the 
ticket  and  one  clamp  am  combined  so  that  the  operations  of  machining  this 

ctonp  «Mi  soewing  it  on  the  bracket  are  eliminated,  and  the  total  costs  are 

tteBoy  r«i,iM»l. 

4.  A  wM  mooting  of  a  varaum  cleaner  was  first  designed  as  shown  in 

^'ig.  -4.  He  l»kelte  wh^ls  assembled  on  plain  shafts  were  separated  from 
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tlie  “pedestals’*,  in  which  the  shafts  were  located,  by  spacers.  In  the  modified 
design  the  number  of  components  was  reduced  from  nine  to  four  and  positioning 
of  the  shaft  was  facilitated  by  a  wire  spring  clip. 

5.  A  segment  of  rotor  balance  weights  is  shown  in  Fig.  8~25.  It  was  first 
designed  in  the  form  of  concentric  circles,  a  conventional  method  of  design.  In 
the  new  design  the  arcs  were  no  longer  parts  of  concentric  circles,  and  the 
material  utilization  increased  from  58  to  92  per  cent.  The  disposal  of  swarf  was 
also  greatly  simplified. 

6.  The  hinge  bolt  shown  ha  Fig.  8-26  was  originally  turned  from  a  mild  steel 
bar  having  a  square  cross-section.  By  changing  the  design  to  two  separate  parts 
(a  head  and  a  shank)  joined  by  copper  brazing,  46  per  cent  saving  in  material 
and  55  per  cent  in  total  costs  were  effected.  Provision  had  to  be  made  for  venting 
the  air  in  the  hole  during  the  brazing  operation,  but  the  saving  in  labor  and 
machine  time  was  still  very  marked,  as  indicated  by  the  reduction  in  total  costs. 

Figure  8-26.  IHmdimg  a  component, 
(a)  A  hinge  holt.  Originally  turned 
from  square  mild  steel  bar;  the 
method  tars  changed  to  make  the  head 
and  shank  separately  and  join  them  by 
cctpper  brazing.  It  should  be  noted 
that,  when  bramng  in  a  blind  hole^s 
means  must  be  provided  for  venting  it, 
oihertvise  the  components  will  be 
separated  by  the  ea^nsion  of  the 
entrapped  air.  (b)  A  guide  bush. 
Originally  turned  from  solid  bar  2j- 
diameter;  the  method  teas  changed  to 
■uti  assembly  of  head  and  body  jmmed 
by  copper  brazing'. 

(In  both  eoMmpies  the  cost  of  pro-^ 
dmeUom  tMms  halved  when  the  revised 
metlmds  tvere  adopts.) 


7.  The  ratchet  wheel  in  Fig.  8—27  w^  origmally  produced  fix>nr  a  solid  bar. 
By  adopting  a  copper  brazing  assembly  the  material  utilization  was  improved 
from  15  to  54  j^r  cent.  The  shoulder  cam  illustrated  in  the  figure  is  a  similar 
example. 


(Cl) 


Figure  8-27.  Dividing  a  component. 

(a)  -4  racket  tvheel;  originally  pro¬ 
duced  from  solid  bar,  the  method  was 
changed  to  a  copper  brazed  assembly. 

(bj  A  shoulder  cam  ;  note  produced  by 
assembling  the  shoulder  portion  into 
the  disc  and  copper  brazing,  the  part 
is  hardened  on  the  periphery  only.  By 
this  method  only  36  in.  as  much  ma¬ 
terial  is  required  as  is  needed  to  make 
it  from  the  solid.  The  shoulder  por^ 

Hem  is  an  easjf  fit  in  the  disc  and  is  retained  in  position  during  brazing  by 
f€ru,r  center  punchings  on  the  opposite  side  from  that  shoivn. 
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8.  Figure  8-28  shows  a  generator  shaft  produced  by  forging;  but  when 
d^veries  were  delayed,  other  alternative  processes  were  explored.  By  chanfring 
the  method  so  that  a  steel  casting  was  shrunk  on  the  end  of  the  shaft  made  of 
^cfc  bar,  a  spectacular  saving  in  total  costs  could  be  achieved.  It  is  interesting 

example  the  labor  cost  was  reduced  by  23  per  cent,  but  due  to 
the  high  cost  of  forging,  which  in  the  new  method  was  eliminated,  the  cost  of  the 
assembly  was  reduced  to  a  quarter  of  the  original  cost. 

9.  Ihe  ^lector  for  an  automobile  gear  box.  shown  in  Fig.  8-28,  is  a  tjmical 
example  of  a  complex  shape  that  poses  tricky  chucking  problems  and  involves 
lengthy  machining  operations,  when  these  are  required.  The  original  method 


Figure  S-28.  Dividing  a  component,  (a }  A 
generator  shaft:  originallg  produced  as  a 
forging  :  due  to  the  difficulty  and  delay  in  ob¬ 
taining  forgings,  the  method  ivas  changed 
to  making  from  stock  bar  plus  a  steel  cast¬ 
ing  shrunk  on  to  the  end.  (b)  A  selector  for 
gear  box:  formerly  produced  as  a  forging 
and  has  note  been  changed  to  a  fabrication 
from  a  pressing  and  a  shaft  icelded  to¬ 
gether.  Apart  from  the  saving  in  material, 
the  production  is  very  much  easier  as  the 
forging  was  very  awkward  to  hold  for 
turning.  The  revised  method  showed  a 
saving  in  material  cost  of  5S  per  cent  and  a 
labor  cost  of  35  per  cent. 


subsequent  turning  of  the  shaft.  The  new 
nr^rtw  t  ground  from  stock  bar;  and  a 

55  per  cent  in 

with  b2L  brass  tubing 

twobushinc^  ^  ^  modified  design,  not  only  were  the  tube  and 

two  bushmgs  combmed  to  eliminate  assembly  work  but  also  the  rolling  operation 


Original  Method 


Figure  8-29.  Modified  design  of  bearing 
sleeves.  iFigures  8-26,  8-27,  8-28,  and  8-29 
are  reproduced  from  “Material  UtiEzation  in 
the  Metalworldng  Industries”,  Institution  of 
Froduction  Engineers,  London,  1955) 


Reris^i  Method 
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to  form  the  internal  diameter  required  at  the  end  was  carried  out  simultaneously 
with  cutting-off  in  an  auto  screw  machine. 

11.  The  guide  bush  in  Fig.  8-26,  made  of  monel  metal,  was  originally 
machined  from  a  solid  bar.  Again,  splitting  into  two  components  and  joining  by 
copper  brazing  proved  to  be  effective.  The  machining  time  was  not  greatly 
reduced  here  (from  82  minutes  to  80  minutes),  but  the  saving  in  material 
(utilization  increased  to  46  per  cent  from  16  per  cent!)  led  to  a  cost  reduction 
of  45  per  cent. 


Summary 

Design,  like  any  other  planning  activity,  should  have  as  one  of  its  goals  cheap 
and  easy  production,  within  the  framework  of  the  specified  functional  qualities 
and  other  characteristics  that  the  product  is  supposed  to  possess,  Naturally  this 
implies  that  designers  should  have  a  knowledge  and  appreciation  of  prcniuction 
materials,  processes,  and  methods;  otherwise,  without  being  acquaintai  with 
recent  developments  in  this  field,  the  designer  will  be  unable  to  make  an 
objective  and  realistic  evaluation  of  the  available  alternatives.  A  value  analysis 
helps  to  clarify  the  essential  features  of  operations,  materials  qualities  and  com¬ 
ponents,  and  to  select  the  best  and  cheapest  to  satisfy  given  value  levels. 
Surveys  in  industry  indicate  that  material  utilization  is  usually  fairly  low  and 
that  substantial  saving  can  be  realized  by  careful  selection  of  materials  and 
processes. 
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Problems 

1.  Does  the  maxim  ‘"design  for  production”  impose  any  limitations  on  the  product 

development  and  design  departments? 

2.  Give  two  examples,  one  to  iEustrate  design  for  fonetional  ends  and  one  to  show 

how  produetion  considerations  were  the  prime  factors  in  the  designer’s  mind. 
Can  these  tvro  objectives  be  at  variance  with  each  other?  IEustrate  your  point 
by  an  example, 

3.  In  the  ten  tests  for  value  analysis,  distioguish  between  those  that  are  primarEy 

concerned  with  selection  of  materials  and  those  concerned  with  production 
processes.  Give  examples  to  show  in  what-  order  you  would  prefer  these  tests 
to  be  applied. 
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4.  Aimlysis  of  a  product  shows  the  following  figures: 


Pert 

Mmim  Process 

Weight  of 

Weight  of 

Production 

Used 

Finished 

Costs 

Mai&rials 

Part 

(lb.) 

(lb.) 

($) 

1 

Casing  and  maeMiiiiig 

2.20 

1.60 

ao8 

f 

Casting  and  machiiiiiig 

1.50 

1.05 

6.21 

3 

Casring  and  iTiftf*hirting 

0.75 

0.42 

2.25 

4 

Casting  and  maghinmg 

o.eo 

0.40 

2.05 

5 

Pirns  work 

0.12 

0.09 

0.32 

6 

Pre$  work 

0.08 

0.07 

0.30 

*1 

Machining 

0.50 

0.38 

2.00 

8 

Machining 

0.25 

0.18 

0.60 

f 

Machinmg 

0.20 

0.18 

0.31 

!i 

Standard  parts,  bought  out 

0.48 

Total 

22.60 

Find  the  product  material  utilization  figure  (for  bought-out  parts 

assume  100  per  cent  utilization) 

.ill  Select  the  three  parts  that  should  be  studied  for  material  utilization  and 
a^ume  that  it  can  be  increased  by  10  per  cent.  If  the  production  eoste 
per  pound  of  raw  material  remains  unchanged,  by  how  much  would  the 
maieriaJ  utilization  be  improved  for  the  product? 

112  i  Draw  the  material  utilization  polygon  before  and  after  the  improvement. 


S,  Take  a  product  or  an  asemhly  of  four  to  so:  parts  and  find  the  materials  utiliza¬ 
tion  for  the  whole  product.  Point  out  the  part  that  should  be  investigated  first 
and  suggest  a  new  methcKi  to  produce  it.  WTiat  effect  does  your  suggestion  have 
on  the  mateidals  utiMzatioii  of  the  whole  product? 

S.  Com|»re  the  iota!  production  time  for  manufacturing  the  washer  illustrated  in 
Fig.  S-14.  Consult  a  mechanical  engineering  handbook  and  press  catalogs  and 
appropriate  cmting  and  blanking  sp^ds  for  mdld  steel  and  aluminium 
alloy;  that  in  the  nmchining  operation,  a  multiple  parting-off  tool  may 

employed  <to  part  off,  say,  four  washers  in  succession  per  one  traverse 
movement^  of  the  cro^-slide).  Al^  compare  the  materials  utilization  when 
methods  in)  and  (iii}  in  Fig.  8 — 22  are  us«i. 

1.  Meet  a  ntaehiDe  tool  shop  that  produces  up  to  20  different  parts  in  one  week  and 


nna  tee  equivalent  materiak  utilization  factor  for  the  shop 

8.  Seim  a  part  that  can  be  produced  by  (i)  sand  casting  with  subsequent  machining; 

i  die  castmg;  (m)  machinii^  from  the  solid.  Make  a  cost  analysis  and  specify 
^  for  what  production  volume  these  processes  are  suitable. 

9.  Suinin^e  the  advantages  and  disadvantages  of  the  foUowing  processes:  sheU 

moiamg,  mvmment  casting,  casting  with  plaster  of  Paris,  powder  metaJlmgy, 
a^onaat  welding,  qsinning,  barreling,  shot  peening 
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Production  planning  activities  (as  suggested  by  Fig.  1-1  and  Fig.  3-1)  finally 
culminate  in  the  issue  of  the  production  order.  Treatises  on  production  planning 
and  control  usually  carry  elaborate  descriptions  of  forms  and  sheets  that  are 
supposed  to  constitute  the  paper- work  system  a^ociated  with  production 
orders,  tedious  and  complicated  though  it  may  be.  These  d.^criptions  are  useful, 
but  forms  by  themselves  do  not  make  a  system.  They  are  Just  an  expression  of 
the  principles  of  a  system,  a  tool  to  help  in  its  implementation.  In  Chapter  2  we 
discussed  some  aspects  of  the  types  of  production,  siz^  of  plant  and  typ^  of 
industry,  and  evidently  these  have  a  serious  hearing  on  the  system  that  is 
eventually  selected  or  developed  as  the  most  appropriate  for  the  occasion.  This 
is  why  such  systems  can  rarely  he  copied  and  transferred  from  one  plant  to 
another,  without  some  modifications  to  satisfy  specific  requirements.  With  this 
qualification  in  mind,  we  may  proce^  now  to  examine  some  of  the  more  common 
features  that  make  up  such  systems.  The  purpose  of  a  production  order  is: 

To  pass  informatioii  to  everyone  concerned  with  the  product  and  its  ^>ecifica- 
tions,  the  required  output,  the  intended  date  of  delivery,  and  tlie  propi^ed 
outlined  timetable  of  activities  ;^soeiat*^  with  its  production 

To  authorize  the  various  departments  to  take  appropriate  actions  at  predeter¬ 
mined  times 

To  start  the  control  s^tem  working 

To  provide  basic  data  for  evaluation  of  performance  when  production  is  com¬ 
pleted  (schrfule-wise,  quality-wise  and  cost-wi^) 

The  actual  release  of  the  production  order  and  the  activities  that  follow  are 
production  control  functions  (see  Chapter  15).  The  procedure  leading  to  the 
formulation  of  the  production  order  may  be  summarized  as  follows: 

1.  Obtain  all  specifications  (drawings,  materials,  quality  required,  annual 
quantity  requir^) 

2.  Outline  possible  alternative  methods  of  production  and  make  a  first 
estimate  as  to  which  is  the  best  one  to  ^lect  (bearmg  in  mind  the  existing 
available  plant  facilities) 

3.  I>etermine  the  sequence  of  operations  (using  process  charts)  and  plan  each 
in  detail,  including  the  u^  of  prcMiuction  and  handling  aids 
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4.  Work  out  the  operation  times  required 

5.  Summarize  these  data  on  an  operation  sheet  for  each  part 

6.  Work  out  a  production  master  program  and  a  production  program  for 
each  component 

I.  Prepare  a  route  card  or  a  combined  operation  and  route  sheet  (in  which 
assignments  of  work  to  departments  or  individual  machines  are  made) 
seh^ile^  availability  of  machine  time  and  prepare  a  production 

9.  ftepare  machme  loading  charts  to  show  how  the  work  wffl  be  distributed 
.  Prepare  the  job  card,  materials  requisition  card,  tools  and  drawing 
reqmsitmn  cards,  inspection  cards,  and  aU  the  remainder  of  the  para° 

phemala  that  make  up  the  production  order 

prJ^^'"'^  employed  in  this  planning 


Conh'nuous  Mixing  &  Freezing  Plant 
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.ingredients 
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Schematic  Process  Outlines,  Process  and  Activity  Charts 
The  purpose  of  all  these  charts  is  to  represent  in  a  graphical  form  the  sequence 
of  operations  and  allied  activities  that  take  place,  in  order  to  provide  a  useful 
basis  for  detailed  production  planning  or  for  analysis  and  revision  of  methods 
employed  hitherto.  Let  us  briefly  describe  three  types  of  charts  eominonly  used. 

Schematic  process  outlines 

There  are  two  types  of  process  outlines.  The  first  shows  how  different  products 
are  made  from  the  same  ingredients,  indicating  the  conditions  required  at  the 

Grease  Depositors  Sugar 
r  /I  duster 


Wrapping  Box 

ILJ 

closing 

(a)  Diagram  of  Sponge  Cake  Process 

Silos 

Weighing 

1  *  IC^'Posifor 

. . i . . 1 ■ 

— 

Greasing 

emulsion 

1 _ ' 

Oven 

Jam 

i 

Humidfied 

cooler 

1  Spreader 

Ltters  iS"  wro'SU 

Enrober 

fb}  Diogram  of  Chcx:  Roll  Process 

Figure  9-2.  "Ttro  ejmmples  &f  sehematic  pn>cess  outlimes 

Fi  ‘ 
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intermediate  processing  stages.  Figure  9—1  is  an  example  of  tMs  type  of  process 
outline  for  the  manufacture  of  various  ice-cream  products.  The  second  type 
shows  the  processing  sequence,  with  special  reference  to  flow-  from  one  machine 
or  piece  of  equipment  to  another.  These  diagrams  are  very  useful  in  preliminary 
layout  analyses  in  processing  industries.  Two  examples  are  shown  in  Fig.  9-2, 
giving  schematic  process  outlines  for  the  manufacture  of  two  popular  brands  of 
cake. 

Process  charts 

ASME  Standard  No.  101  distinguishes  between  two  types  of  process  charts: 

1.  Operation  process  charts,  which  constitute  a  general  outline  showing  the 
principal  operations  and  inspections,  as  well  as  the  points  at  which 

materials  enter  the  process. 

2.  Fhw  process  charts,  which  present  a  more  detailed  picture,  describing  the 
activities  associated  with  materials,  men,  or  machines,  and  which  record 
the  sequence  of  operations,  transportations,  inspections,  delays,  and 

storages  that  occur. 

Even  more  detailed  process  charts  have  been  designed,  such  as  tw-o-handed 

process  charts  (to  compare  the  activity  of  two  hands  of  an  operator)  or  simo 
charts  (to  describe  the  motions  of  an  operator's  hands,  fingers,  or  legs,  if  they  are 
relevant  to  his  performance).  These  charts,  which  were  originally  designed  for 
time  study,  may  also  be  used  as  instruction  supplements  to  job  cards,  while  the 
operation  and  flow  process  charts  may  be  considered  necessary  tools  at  the  very 
firat  stages  of  production  planning. 

The  symbols  adopted  by  ASME,  which  are  now  in  common  use  in  proe^ 
chfflrfe,  are  as  follows : 

Operaimm,  to  describe  an  action  that  transforms  the  material  in  shape  or 
in  other  properties  (physical  or  chemical),  including  assembly  work 
or  activities  connoted  with  preparing  the  material  for  a  subsequent 
operation  or  for  traiisp>rtation. 

C>  Transportation,  to  describe  the  movement  of  an  object  firom  one  location 

to  another. 

n  Inspection,  to  describe  an  activity  which  is  concerned  with  cheeking 
whether  the  object  conforms  with  predetermined  specifications. 

to  indicate  that  an  object  is  held  up  and  cannot  immediately 
proce«i  to  the  next  operation. 

'Storage,  to  indicate  that  an  object  is  deliberately  kept  at  a  certain  place. 

□  Combined  activity,  to  show  that  several  actions  are  carried  out  simul- 

teneouslj,  A  square  and  a  circle  signify  that  an  operation  and  an 
ii^pection  are  combing,. 
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Fignres  9-3  and  9-4  show  examples  of  process  charts.  Figure  9-3  gives  an 
outline  for  the  manufacture  and  assembly  of  a  rocker  for  a  valve  mechanism.  In 
addition  to  the  sequence  of  operations  specified  for  each  part.  Fig.  9-3  shows  at 


Forgeci  steel  rocker  1 


Phmphor  bronze  bush  4  ^ 


Figure  9-3.  An  example  fmr  an  miilme 
process  chart  for  the  production  of 
a  rocker  ami.  (From  ‘‘Work  Study 
British  Institute  of  Management,  1955| 
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miECT  qiA.gTO  REUEF  ¥Al¥E  BODY _ 

mrnim  _ part  mrso 

QIAIT  begins,  Barsfock  Stor£me _ 

CHART  EtsgK  Assemhfy  Beparimenf'  Storeroom 

Q  OPTION  TRAfePCMfTATION 

□  INSreCBO^  Q 


CHART  NO . t02f _ _ 

CHART  TYPE _ _ 

CHARTED  _ 

DATE  3-3-43 _ _ 

SHEET  N0._JL_0F— L-SHEETS 
COST  UNIT  / 


nm  IN  SYM-  reOCESS  KSCRIPTIOI  OF 
ffaurs  !  BOiS  I 


. . METHOD 


Sfzffed  m  hir  smck  sforage  until  requisioned 

Arrs  kaded  m  truck  upon  receipt  of  requisition  from  machine  shop  (2  men) 

Moved  to  *301  machine 

Bars  unloaded  to  har  stack  rack  near  *  301  machine 
Delated  waiting  for  operation  to  begin 


‘  mre^  tap,  seat,  nie,  and  cat  o if 

*  Beiajed  awaiting  dr///  press  operator 
I  Moved  To  driii  press  bg  operator 
1  3rii!  S  holes 

'  Belayed  awaiting  mo  yen?  an 
Moved  to  burring  department 
Be/ap'ed  awaiting  burring  operotion 


2C  i  BCCS2 


BSD  I  .mjr 


iZwU  I  j  5J  j  BeJajed  a  waiting  mg  reman 

.  ,vDDS  ;  ^  Moved  to  seat  lapping  machine  in  detail  deportment _ _ 

_ I  &}  j  Beiajed  awaiting  operator 

B  j  J7m  !  ^  j  lap^  inspect 

!2M0  f  m  I  Beiajed  avaifmg  mofeman _ 

4DQ  ■;  .mm  j  j>  j  Moved  to  pa,„f 

_ 1  I  owaiting  painf'er  ””  " 

IS  ■  -O-gJ  j  Mask,  prime,  pamf,  dry,  unmosk,  and  pock  in  box 

lifi _ j  [  -^gn/  J>jf  comejror  to  assembly  efepartment  sforerbom 

i  ^  J  Stored  until  regmsitioned 

«..v  rt  eSSS.*  ““  -!”««•« 


4m  <  .i}m4 


!S  S  M2SD  \  f 


what  stage  these  parts  are  assembled.  Ko  time  or  location  is  indicated  in  this 
example,  but  this  information  can  naturally  be  added  whenever  necessary. 
Figure  9-4  is  an  example  for  a  flow  process  chart  that  includes  details  about 
distances^ involved  in  the  transportation  of  the  object  and  times  of  operations. 
A  similar  method  of  presentation  coiild  use  the  chart  in  Fig.  9-5. 
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Acti¥i^  charfe 

An  actiTity  cliart  is  a  grapMcal  presentation  of  a  whole  or  a  portion  of  a  work 
evcle,  wMeh  shows  the  relative  periods  of  activity  and  idle  times  of  men  and 
machines.  It  is  particularly  useful  when  we  want  to  study  the  breakdown  of  a 
work  cycle  with  the  view  of  shortening  or  simplifying  it.  The  activity  chart 
indicates  the  interdependency  and  sequence  of  tasks,  as  w^ell  as  those  that 
require  the  simultaneous  activities  of  several  men  or  machines.  Take,  for 
example,  the  work  cycle  of  an  operator  supervising  two  machines,  the  activities 
being  as  follows: 

L  O|»rator  loads  and  starts  machine  1. 

2.  llacMne  1  j^rforms  its  task,  at  the  end  of  Tvhich  it  stops  automatically. 

3.  Operator,  in  the  meantime,  unloads  the  finished  product  from  machine  2. 

4.  Operator  iiis|»cts  the  prcxiuet. 

5.  O^rator  loads  and  starts  machine  2. 

i.  Machine  2  performs  task  and  stops  automatically  when  task  is  fifiished. 

T,  Operator  tums  to  machine  1  and  unloads  the  product. 

S.  Operator  inspects  the  product. 

i.  Operator  loads  and  starts  machme  i ;  etc. 

Figure  show’s  how  these  tasks  can  be  presented  by  a  multiactivity  chart 
on  a  time  basis.  The  chart  indicates  that  while  the  operator  is  fully  occupied 


Figaro.  M.  chart  (one 

tmff  tiro  nmcMmes^, 


operator  supeTtris- 
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looking  after  the  machines  and  inspecting  the  work,  each  machine  is  idle  on  two 
occasions  during  the  cycle:  when  the  other  machine  is  being  loaded  and  when 
the  product  is  inspected  by  the  operator.  The  active  time  of  each  machine  is 
0.4  (loading)  +  0.8  (running)  +  0.2  (unloading)  =  1.4  minutes,  so  that  the 
efficiency  of  the  machine  cycle  is 

,  active  time  1.4  „  ^ . 

^  = - =  —  ==  0.64 

cycle  time  2.2 

Having  worked  out  through  activity  charts  the  active  and  idle  times  in  relation 
to  the  cycle  time  and  the  sequence  in  which  these  activities  occur,  we  can  seek 
alternatives  that  would  make  the  cycle  more  efficient;  for  instance,  by  studying 
the  sequence  of  operations,  reducing  the  cycle  time,  adjusting  the  number  of 
machines  an  operator  should  supervise,  etc.  Some  of  these  problems  are  further 
discussed  in  Chapter  12. 

When  outlining  the  proposed  sequence  of  operations  some  basic  principles 
must  be  borne  in  mind,  namely: 

Saving  in  effort 
Sa  ving  in  skill 

Saving  in  handling  and  setting  time 
Saving  in  operation  time 

Hence  it  is  useful  to  subject  the  proposed  sequence  of  operations  to  the  following 
cross-examination : 

1-  Is  the  operation  really  necessary  ?  What  does  it  contribute  to  the  product 
value? 

2.  Can  two  operations  be  combined  or  carried  out  concurrently? 

3.  Should  operations  be  divided  into  simpler  elements  for  the  purpose  of  work 
standardization  (using  similar  machines  and  skills,  identical  mstraction  sh^ts, 
and  facilitating  more  accurate  estimating)  ? 

4.  Gan  the  sequence  of  operattons  be  changed  to  advantage? 

5.  Is  it  worth  while  to  install  mechanical  aids  for  loading,  setting,  and  un¬ 
loading  of  the  work  ? 

6.  Is  it  economical  to  install  mechanical  handling  devices  to  transfer  the 
work  from  one  operation  to  the  other? 

7.  Should  inspection  be  carried  out  by  the  operator?  Could  inspection  and 
handling  between  operations  be  combing  (by  incorporating  an  inspection 
mechanism  into  the  handling  system,  thereby  letting  through  to  the  next 
operation  only  work  that  is  up  to  standard)  ? 

8.  Are  the  operator,  the  machine,  and  the  tools  the  right  on^  for  the  job! 


E 


rroaucMOii  Master  Irograms 

charts  with  the  final  sequence  of  operations  form  a  useful 
n  master  program.  Figure  9—7  shows  an  example  of  such  a 
he  manufacture  of  a  product  made  of  eight  parts.  After  the 
need,  some  are  put  together  into  sub-assemblies,  w^hich  have 
perations  prior  to  the  final  assembly.  If  the  date  on  which 
finished  is  denoted  by  zero,  the  scheduling  for  the  latest 


A/i  KTi  A/s  - — 

5.^ _ |m./2  mfs _ 

r  m  I  op 


E/I  I  E/2 1  E/3 1  E/4  op.2  _ 

M/2  |m/5  iM/iaWio  - 

F/4  I  f/5  j  F/6lF/7jF/8|  F/9  |  F/IO  I - 

_ :  wa  iM/is  M/«  iju/n  a 

r--— 

G/1  G/2  G/3  ®P-2 

Wio  m/2  mJu  - - 


-14  -13  -12  -II  -10  -9  -8  -7  -6  -5  -4  -3  -2  -I  0 
Tiroe  scoie 

mn  mmster  {A  schematic  example  illustrating  the 

at  ions  on  scheduling! 

arts :  A,  B,  C,  D,  E,  F,  G,  H. 


1  the  following  snh-^semhlies : 

B-fC 

E 

G 

bjeci  to  an  operation  before  further  assembly  work, 
ed  to  form  major-assembly  |I-f  EE). 

H)  is  object  to  an  operation  (e.g.  painting  by  a  spray-gun)  after 

3r  final  a^mbly.  / 

■  assembled  to  form  major-assembly  (in-f-H). 

■f  Hj  IS  subject  lo  an  operation,  after  which  it  is  ready  for  final 


required  to  produce  part  A. 

I  which  operation  Al  is  made. 
Q  assembly  operation, 
le  of  the  oioeraiifwss 
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date  on  which  production  of  the  parts  has  to  start  is  shown  by  the  tails  of  tie 
individual  components  on  the  chart.  Work  on  part  A  will  have  to  begin  about 
14  time  units  (days,  weeks,  etc.)  before  “zero  day’’;  part  B,  about  14.S  time 
units,  etc.  The  longest  total  operation  time  is  connected  with  part  F,  which  will 
have  to  start  at  —18  time  units. 

Required  data 

This  master  program  includes  information  about  the  t3rpe  of  equipment  or 
machine  required  to  perform  the  operation  in  question;  for  example: 

Part  A :  operation  1  will  require  machine  M/52. 

operation  2  will  require  machine  M/2, 
operation  3  w^ill  require  machine  M/5,  etc. 

This  information  is  important  because  at  a  glance  we  can  verify  whether  there 
is  no  overlap  of  time  for  the  same  machine.  We  see  in  Fig.  9-7,  for  instance,  that 
operations  (7/3  and  Bjl  are  to  be  performed  on  M/13,  so  that  unless  we  have 
more  than  one  machine  of  this  type,  we  have  to  shift  forward  in  time  operation 
-B/T  or  (7/3  in  order  to  avoid  any  clash  in  timing.  Similarly,  operations  B'‘2  and. 
C7/6  overlap  in  time.  Thus,  although  at  first  glance  part  F  requires  the  longest 
■fcime,  we  may  find  that  either  parts  B  ot  G  have  to  be  produc«i  first.  One 
possible  sequence  is  showm  in  Fig.  9—8,  but  obviously  the  number  of  possible 


PART 

A 


B 


A/1 

A/2 

A/3 

M/52 

M/2 

M/s 

B/1 

B/2 

M/!3 

M/12 

C/1 

c/2 

C/3 

C/4 

c/5 

C/6 

M/2 

M/s 

M/13 

M/5 

M/IO 

M/12 

a 

I 

op. 

op.  2 

3 

H 


D/1 

.M/12 


E/1 

M/12 


F/1 

M/l 


F/2 

M/3 


F/3 

m/4 


F/4 

M/2 


E/2 

M/5 

E/3 

M/13 

- - 

■ZTTT 

E/4 

M/IO 


a 

I 

op.  2 


M/6 


M/8 


F/7 

}M/13 


F/8i 
|m/20  , 


F/9 

M/50 


F/10 

M/12 


G/l 

M./10 


G/2 

M/2 


G/3 

M../14 


a 

14-1 

op.  5 

op.  4 

1 

_ 1 

a 

M 

op.  2 


H/l 

M/IO 


114- H 
op.  6 


cp.7 


FInol 

a 

c^.,8 


—18  -17  “16  -15  -14  -13  -12  -11  -10  -9  -8  -7  -6  5  4  3  2  1  0 

Time  scale 

Figure  9-8.  A  feasibie  solution  for  a  production  master  program.  (See  Figure  9-7) 
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aIto-mativ(iH  inon^anc^H  vory  rapidly  with  ruunfx^r  (if  iumI  (.Ih\v  havn 

to  1)(5  candully  niudicHl  to  (umun^  that  tfu^  ora^  yic^hhs  tla^  rilinrtf'nt  toj,?d 

tinier  Hpati  Ix'-tmaan  ntart  and  fininli,  1)  H  in  a  foajiildo  n(d(ili<Hj  far  Muh 

particular  producst,  but  naturally  iJic^  (inaj  la^licdulo  (mn  bo  n<*t  ufj  only  a-ftfa* 
individual  macdiino  comrnitnuait/H  Tor  otfuu’  produ(d-H  arc  a-hio  a.coount<al  Inr, 


Mgtm»  0  0.  iHumhiif  Implhi.fi  and 

prod tiet Ion  of  oirpioorn. 


Long-term  planning 

When  producing  batchcH  of  largo  unilw  (liouwfH,  wliipH,  largo  g(inoi'a(.oni,  pliuioH, 
etc.),  which  are  spread  over  a  pciriod  of  Ho,v<!ral  tnootliH  or  y<wu-n,  (uid  wboii 
social  tooling  is  required,  it  is  important  that  tooling  (^xfxmditiiro  nlifnild  hwl 
the  production  program  by  a  suitable  phasing  p(X'io(i. 

Figure  9-9  is  an  example  for  a  production  jtrograrn  of  2b0  airiilanon,  to  be 
undertaken  m  five  years.  A  preliminary  [leriod  of  about  IK  rnontlm  in  allowed  for 
preparation  for  production,  after  which  the  first  jilane  is  Heliodid<nl  to  (ioino  out 
of  the  plant.  The  rate  of  output  is  then  increased  gradually,  reaeddng  its  maxi- 
mum  value  in  the  fourth  year.  The  tooling  program,  howewer,  H(,arf,H  almost 
imme^ately,  so  that  by  the  time  the  plant  is  (iX[)ee,f,ed  to  yield  maximum 
capacity,  most  of  the  tooling  outlay  has  already  been  speni,,  leaving  emiy  a  veery 
low  margin  for  replacement  of  minor  items  during  the.  lasf,  twe,  ye.arH  of  the 
program.  Each  of  the  units  scheduled  for  preielue.tiem  is  a  big  emeeugh  unde.r- 

!!n  h!  m  planning  of  prodiictiem  T)re>gre.SH.  anel  a  gene.r-,d  emtiine, 

^an^be  indicated  on  the  production  program  as,  feir  e.xarnple.,  in  le’igs.  J»  H)  anel 

nulbtl^f  governed  (ame,ng  otl.e.r  things)  by  the. 

rail  lines  in  «  a  shipyard  or  in  a  plane  cemstrue.tiem  plant,  the.  mindee.r  eif 
ocomotive  repair  shop,  the  mxmhe.r  eif  e.rane.s  in  ee,  loaeiing  eer 
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unloading  operation,  etc.  Figures  9—10  and  9—11  were  drawn  out  on  the  assump¬ 
tion  that  no  more  than  five  planes  could  he  constructed  concurrently.  As  this 
number  is  the  fimiting  factor  for  production  output,  no  time  should  be  lost 
between  the  completion  of  one  plane  and  the  beginning  of  production  of  the  next 
one  on  the  line.  To  allow  specialized  teams  to  proce^i  from  one  plane  to  another, 
construction  do^  not  start  on  all  planes  on  the  same  date,  but  work  is  carefully 
phased  to  allow  for  the  capacities  of  the  machines  and  the  teams  to  be  utilize 
to  the  maximum.  This  problem  will  be  discussed  further  in  Chapter  12, 
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Frogramiiig  component  production 

Folio  wing  the  completion  of  the  master  program,  a  production  program  for 
each  component  can  be  outlined  (Fig.  9-12),  with  copies  sent  to  the  appropriate 
departments  so  that  eTerjbody  concerned  will  be  duly  forewarned  about  the 
schedule.  The  program  must,  naturally,  allow  for  transportation  time  wdthin  the 
plant,  insi^ction  time  and  delays,  particularly  when  the  components  are  pro¬ 
duced  for  the  first  time  and  warious  production  difficulties  may  have  to  be  over¬ 
come  (notice,  for  example,  that  the  production  time  for  the  first  plane  in  Fig. 
'9-10  is  longest).  Very  often,  however,  production  planning  departments  tend 
to  he  overcautious  and  allow  too  large  a  safety  margin,  with  the  result  that  the 
shop  may  be  choMng  with  components  in  process,  waiting  for  issue  to  the 
assembly  line.  Frequent  studies  of  the  causes  for  delays  and  deviations  from  the 
outlined  program — and  subsequent  removal  of  such  causes  (whenever  possible) — 
help  to  plan  a  balanced  schedule  with  properly  phased  operations. 


i  PiOBli'aiC»4  PtOGRAM  NO. 

CSQER 

COPIES  TO: 

PRODOaiON  CONTROL 
STOCK  CONTROL 

DESIGN 

STORES 

COST  coNnrRoi 

INSPECTION 

'  DESCRIPTiCN  ANB 

\  OtlAN-T, 

QUANTITY  Ol 

JTSTANDING 

1 

PROGRAM  NO. 

QUANTITY 

i 

i  1 

! 

t  I 

i  : 

1  cxjTii'S  -cf  saexjif 

OAIE 

ACTION 

a®  OF  mivsgf 

SIAST  OF  iXaiVERY 

STAIT  OF  AS»a,y 

WODtfOJON 

ssis  MxrmAis,  TCtts  weawws 

iffCEVf  lOOSiT  OiJT  CC:M!l«»O^EN^IS 

REMARKS 

DATl 

iswe>  lY 

i 

CHECKED  BY 

F^re  9-12.  _4  component  production  program  ^ 


‘0|»ratioii  and  Route  Sheets 

The  final  sequence  of  operations  is  set  out  in  an  operation  sheet,  wffiich  should 
include  the  following  details:  part'  number  and  name  (and  if  possible  a  sketch  as 
well),  materials  specifications,  description  of  the  operations  and  the  type  of 
machines  they  should  be  carried  on,  tools  to  be  used,  and  time  allowed  for  setting 
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and  performing  the  operations.  The  operation  card,  therefore,  constitutes 
a  general  statement  about  how,  in  the  view  of  the  production  planning  depart¬ 
ment,  the  production  sequence  should  be  carried  out.  It  indicates  the  type  of 
machines  that  could  be  used,  but  it  does  not  normally  specify  precisely  to  which 
machine  in  the  plant  the  work  should  be  allocated.  In  other  words,  the  operation 
sheet  is  one  step  prior  to  machine  loading.  Wlien  allocation  of  work  is  carried 
out,  a  route  sheet  should  be  prepared,  detailing  the  machines  and  departments 
to  which  the  work  will  flow  and  again  listing  the  sequence  of  operations,  each 
operation  described  in  conjunction  with  the  corresponding  machine.  The  opera¬ 
tion  sheet  is  filed  in  the  records  of  the  planning  department  and  can  be  used 
again  w^heii  the  order  is  repeated.  The  route  sheet,  on  the  other  hand,  may  have 
to  be  revised  if  some  of  the  machines  have  been  committed  to  other  Jobs. 

This  subtle  diiference  between  an  operation  and  a  route  sheet  (apart  from  the 
routing  details,  they  contain  practically  the  same  information)  often  leads  pro¬ 
duction  planning  departments  to  adopt  a  combined  sheet,  as  shown  in  Fig.  9~13. 
When  the  form  is  to  be  used  for  the  records  as  an  operation  sheet,  the  routing 
columns  Just  indicate  the  type  of  machines  that  could  be  used  for  the  purpose, 
and  no  details  of  “quantity”  and  “to  be  finished  on”  need  be  specified.  Copies  of 
this  form  are  used  as  route  cards. 


OPEf?ATION  AND  ROUTE  SHEET  NO. 

PART  NO. 

NAME 

MATERIAL  SPEC. 

DRAWING 

QUANTITY  TO  BE  FINiSWD  ON 

RCXITfNG 

OP. 

NO. 

DESCMPTtON 

TOOLS 

JIGS, 

FIXTURES 

TIME  (MiN.) 

DEPT 

M/C 

SET-UP 

OP.  TIME 

TOTAL 

_ ^ 

Figure  9-13.  A  combined  operation  and  romte  sheet. 


The  operation  sheet  is  very  useful  for  re-evaluation  of  the  decisions  taken  so 
far.  It  includes  operation  times  so  that  a  cost  ^timate  can  be  made  and  the 
economic  production  quantities  can  be  computed;  these  two  figures,  the  cost 
per  unit  and  the  quantity,  can  then  be  analysed  and  compared  against  other 
alternatives  that  may  be  open  (e.g.,  u^sing  an  entirely  different  process  or 
sequence,  or  buying  the  components  from  the  outside). 
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CHICK 
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DATE  REQUIRED 

TOTAL  QTY 
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Figure  9-14,  A  master  card  for  production  order  breakdown . 
Calculators  Ltd.) 


Tlie  ortid  super  universal  for  preparation  of  production  planning 
documents.  (Courtesy  Bulmer’s  Calculators  Ltd.) 
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Breakdown  of  the  Production  Order 

The  operation  and  route  sheet  can  serve  as  a  production  order,  from  which 
detailed  job  cards  for  each  operation  have  to  be  prepared.  Other  ancilKary 
documents  include:  a  materials  requisition  form,  an  inspection  card,  an  identifi¬ 
cation  card  (which  is  attached  to  the  work  throughout  its  travel  in  the  plant),  a 
delivery  note  of  the  finished  product  to  the  store,  etc.  One  method  for  preparing 
all  these  documents  is  shown  in  Figs.  9-14,  9-15,  and  9-16.  First  a  master  card 
is  made  to  include  all  the  details  on  the  operation  and  route  sheet,  and  to  allow 
for  further  details  on  the  current  production  run  (date  of  issue,  date  required, 
quantity,  etc.)  and  for  information  to  be  inserted  after  production  (mainly  on 
inspection  results).  By  using  a  reproduction  process,  such  as  offered  by  the 


DATE  Of  ISSUE 


PART  NAME 


DATE  REQUIRED 


Center  Wheel 


OPERATION  DETAILS 


Rough  Grind 


I  TOTAL  QTY.  jSATCH  QTY.  f  WORKS  ORt«i  NO. _ | 

DRAWING  |  Sm/24, 


UNIT  QUANTITY  ^  CWOCED 

68  feet  per  500  by 


73/so  J45 


t  DATE  Of  ISSUE 


Center  Wheel 


.  MAT0?IAL  SPECIFICATIW 


OP.  NO. 


Brass  strip  Mi 


OPERATION  DETAILS 


I  TOTAL  QTY.  |  BATCH  QTY.  }  WORKS  OSSm  NO. _ 

|-«r 


UNIT  <»JANTITY  ^  piECKH) 

68  feet  per  SOO  by 


OreRATIOl  DET^««LS 


Bore 

Drill  4  Holes  2  BA 
Finish  Grind 

JOB  CAM) 


Figure  9—16.  Breahdowtm  into  job  cmrSts,  (Coiirtesy'  Bulmer’s  Calculators  Ltd.) 
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macMne  in  Fig.  9-15,  the  list  on  the  master  card  can  be  broken  down  so  that  the 
heading  plus  any  lines  singled  out  from  the  list  are  reproduced  on  separate  cards. 
The  breakdown  into  job  cards  is  sho'Wn  in  Fig.  9-16,  and  similarly  a  materials 
requisition  and  other  documents  can  be  made  out.  The  machine  in  Fig.  9-15  is 
a  spirit  duplicator;  another  method  uses  a  printing  plate  for  the  heading  of  aH 
documents,  the  plate  being  similar  to  those  used  in  addressing  machines. 

Stock  Planning 

Although  the  actual  issue  of  materials  to  the  shop  floor  is  performed  when  the 
materials  requisition  orders  are  released  through  the  dispatching  function,  the 
availability  of  required  materials  in  stock  must  be  ensured  some  time  in  advance, 
to  allow  for  delivery  lead  times  in  case  some  materials  have  to  be  purchased. 
The  functions  of  stock  planning  would,  therefore,  be: 

On  receipt  of  lists  of  materials  and  component  requirements,  the  quantities 
held  in  stock  have  to  be  cheeked  and  the  appropriate  amounts  allocated  for 
i^ae. 

The  rate  and  pattern  of  demand  for  materials  from  the  store  should  be  studied 
so  that  the  optimal  policy  of  replenishment  can  be  worked  out. 

Orders  for  replenishment  are  issued  to  the  purchasing  department. 

When  goods  are  received,  they  have  to  be  checked  for 

(i)  quantity  (to  allow  for  claims  to  be  made  in  cases  of  deficiencies); 

|ii)  quality  (to  ensure  that  specifications- are  complied  with). 

Reports  on  receipt  of  consignments  are  made  to  enable  the  purchasing  depart¬ 
ment  to  reasse^  the  efficiency  and  reliability  of  the  vendors  and  to  alloiv  the 
aecoimting  department  to  proceed  with  any  appropriate  action  that  may  be 
reqiiir«i. 

The  eonsignment  has  to  be  duly  recorded  so  that  up-to-date  information  about 
stock  levels  is  always  available. 

A  suitable  classification  system  for  materials  and  components  held  in  stock 
should  be  in  operation  and  re\’iewed  from  time  to  time  to  ensure  that  arti¬ 
ficial  variety,  caused  by  having  items  under  different  names,  is  avoided,  and 
to  provide  a  basis  for  a  further  simplification  program  (see,  for  example. 
Fig. 

In  short,  stock  planning  is  associated  with  two  main  responsibilities:  that  of 
rewrding  events  and  that  of  formulating  the  best  replenishment  policy.  The 
latter  is  closely  concerned  with  how  much  to  order,  when  to  order,  and  what 
limits  of  stock  levels  seem  desirable  for  effective  management  of  the  stores. 
These  problems  will  be  further  discussed  in  Chapters  10  and  1 1 ,  where  optimal 
batch  quantities  for  production  are  analyzed,  and  in  Chapters  17  and  18,  where 
some  specific  problems  in  stock  control  are  dealt  with. 

The  necessity  for  keeping  stock  records  and  accounting  for  demand  require¬ 
ments  is  self-evident.  W  ithout  data,  no  analysis  can  be  carried  out  and  no  policy 
(let  alone  an  optimai  policy)  can  be  defined.  The  question  is,  however:  How 
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1.  The  same  material  Polyvinyl  Chloride  has  been  found  to  be  commercially  available 

1  under  the  following  proprietary  names: 

BX  PVC 

Everflex 

Portex  Vinyl 

Capovin 

Flexatex 

Rdene 

Cap-Plastube 

Koroseal 

Tenaduct 

Chlorovene 

Kenutuf 

Tygan 

dorcom 

Li-Lolastie 

Vinatex 

Corvic 

Lorival 

Vinylite 

Craylene 

Marvinoi 

Yjimn 

Duraplex 

Mipolam 

Wel’vie 

Erinoid 

PeriSex 

2.  The  same  type  of  component  was  separately 

3.  The  same  pipes  and  pipe 

designed  in  one  firm,  produced  and  stored  as: 

fittings  were  stored  in  three 

Arbor 

Plug 

different  locations  according 

Axle 

Plunger 

to  their  use: 

Bar 

Post 

(a)  Factory  Mainteiianee 

Bolt 

Rivet 

Stock: 

Boss 

Rod 

Piping  for  water. 

Button 

Roller 

eompresred  air 

Column 

Shaft 

(6)  Production  Stock: 

Cotter 

Shank 

Parts  used  in  construction 

Bowel 

Spigot 

of  products 

Mandrel 

Spindle 

(c)  Plant  Spar^: 

Peg 

Stud 

Parts  serving  machine 

Pillar 

Tappet 

tools 

Pin 

Trunnion 

Piston 

Valve 

Pivot 

It  'was  also  found 

under  composite  names. 

such  as: 

Pin  anchor 

Pin  Hrtk 

Pin  crank 

Pin  linge 

Pin  push  lever 

Pin  clamp  plate 

Clutch  toggle  pin 

Governor  drive  coupling  pin 

Distributor  drive  plain  pin 

Figure  9-17.  Three  examples  of  ariiflcial  mtriet§  {from  “Maximum  et  Minimo”  by 
E.  G.  Brifsh,  J.  Institution  of  Production  Engineers,  June,  1954). 


mucli  data  should  we  collect?  K  we  record  iiiformatioii  that  is  never  used  for  any 
evaluation  or  planning  purpose,  the  system  may  become  unnecessarily  cumber¬ 
some.  Sometimes  too  little  information  is  recorded.  Figure  9-18,  for  instance, 
depicts  a  very  conventional  stock  or  bin  card.,  which  shows  the  amounts  received, 
amounts  issued,  and  the  balance  on  hand,  but  gives  no  information  about 
quantities  allocated  for  issue  or  about  quantities  on  order.  Newiless  to  say, 
when  lag  times  bet’ween  stock  allocation  and  stock  issue  or  between  order  and 


222  P'rodtidim  Planning  and  Gmtrd 

physical  replenishment  are  comparatively  long,  the  lack  of  such  information 
may  put  the  stor^  management  at  a  serious  disadvantage.  A  modified  stock 
record  caid,  such  as  in  Fig.  9-19,  would  include  special  columns  to  indicate  the 
amounts  allocated  and  amounts  expected  to  come  in,  as  well  as  balance  on  hand 
and  the  ‘'effective  balance”  (=  actual  stock  level  +  orders  —  allocations). 


BIN  NO. . . . . . .  CODE  OR  SPEC.  NO. 

CARD  |sK>. _ _ _ 


MScawnoN _ 
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Basic  Production  Planning  Problems 

Having  worked  out  the  sequence  of  operations,  and  having  obtained  informa¬ 
tion  about  orders  and  demand  for  the  product,  we  now  possess  sufficient  data  on 
which  production  scheduling  can  be  based.  On  the  one  hand  there  are  the  rates 
of  demand  that  have  to  be  satisfied,  the  operations  that  have  to  be  performed, 
the  kind  of  accuracy  and  skill  they  require,  and  the  time  it  will  take  to  carry 
them  out.  On  the  other  hand  we  have  the  facilities,  namely:  the  machines  and 
equipment,  the  personnel  and  the  time  available  for  production.  The  final  and 
crucial  task  of  production  planning  is  to  match  these  two  in  such  a  manner  that 
the  objective  is  achieved  with  maximum  utilization  of  these  facilities.  Basically, 
therefore,  there  are  three  kinds  of  production  planning  problems: 

1  Problefns  of  quantity:  how  to  determine  the  quantities  that  should  be 
produced  of  each  product  or  component  during  a  given  period  of  time 

2.  Problems  of  allocation:  how  to  allocate  the  work  to  the  machines  and  how  to 
assign  the  manpoiver  to  a  given  array  of  tasks 

3.  Problems  of  scheduling:  how  to  arrange  the  sequence  of  operations  on  the 
machines,  so  that  the  sequence  for  any  individual  component  or  product 
is  not  interfered  with 

All  these  problems  are,  naturally,  interconnected.  Allocation  of  machine  time 
depends  on  machine  capacity  and  on  its  other  commitments,  while  an  optimal 
schedule  can  be  constructed  only  after  these  allocations  have  been  made. 
Furthermore,  the  system  is  often  d37iiamic,  with  batches  of  operations  arriving 
from  time  to  time  to  be  allocated  and  scheduled,  so  that  not  only  does  the 
schedule  change  continuously,  but  an  existing  schedule  and  prior  commitments 
may  have  to  be  reviewed  each  time  a  new  batch  of  operations  arrives.  Belays  in 
supplies  and  machine  breakdowns,  changes  in  forecasts  on  market  demand,  and 
trends  in  fiiture  sales,  all  these  may  also  interfere  with  the  schedule  to  an  extent 
where  a  review  becomes  nec^essary.  Problems  associated  with  determination  of 
manufacturing  quantities  will  he  analyzed  in  Chapter  10,  some  aspects  of  alloca¬ 
tion  and  scheduling  will  be  discussed  in  Chapters  12  and  13,  and  interrelations 
between  quantities  in  batch  production  and  scheduling  will  be  considered  in 
Chapter  14. 

Suminaiy 

The  main  purpose  of  the  production  order  and  the  paj»r  work  associated  with 
it  is  to  convey  the  necessary  information  to  everybody  concerned  and  to  provide 
a  basis  on  which  a  control  system  can  effectively  be  support^.  Tools  frequently 
used  in  production  planning  include:  process  and  activity  chart®  (to  analyze  the 
outline  of  manufacture  and  the  sequence  of  operations),  production  master 
programs  (to  give  a  general  picture  of  the  production  timetable),  operation  and 
route  sheets  (to  record  detailed  data  on  operations,  methods,  and  times),  and  the 
various  parte  of  the  production  order:  job  cards,  materials  requisition  cards,  etc. 
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lieferenees 

Barn(‘-H,  R.  M. :  a/zr/ 7V7//^uSV//y/v/,  ( 'I  7  Olohn  VV^'Iny  i%*  Mnnfi,  Iu<\, 

ASMK  Standard  No.  101. 

CarBon,  ({.  B.  (chL):  ZVodv/r/Vo//. //ay/d6w;/»\  Ho<-,ti(>iifi  !5,  11  It<>n}d<l  Pmofi  <  lOiV/). 
Maynard,  M.  B.  ((uL):  loduHtHol  l>JiigifH'r.riit(/  I Itindhoah',  (joc-tion  ohaptor  3 
(McGraw-Hill  Book  Go.,  lOr)!}). 


Problems 


1.  Construct  an  opcrai-ion  (*<liart  I’or  a,  w^Ioc,t(Hj  prodnot  aral  dmoiiNH  altcatintlvoi  to 

your  suggested  ()/’ <)[)(u*ationH. 

2.  Give  an  example  for  each  ((iKisl/ion  in  i,h(^  croHH  (vKajnnaU.ion  for  a-ny  f)r'opo{i(Hi 

sequence  of  operations  {pag(^  211)  to  show  how  production  nu^(, hodfi  could  he 
improved. 


3.  Visit  a  plant  with  the  purpose  of; 

(i)  Studying  a  specific  produc.t  and  drawitig  a.  niaut(U'  prodiic(-ion  program 
for  it 


(ii)  Outlining  the  flow  of  docurnontH  in  f)r(Klu(^tion  (u>ntrol 

(iii)  Discussing  which  dociun<ud-H  uhHoliitely  cHfiCfjtiui  to  Mufifify  tlu^  h/jirHi<; 
requirements  of  a  f)rodu(ttiorj  onha* 

L  For  the  example  given  in  Fig.  9  4,  dmw  tm  <m(.ivi(-y  <4uu‘(.  for: 

(i)  One  operator  and  orus  rraichim^ 

(ii)  One  operator  supcjrviHing  (/Wo  rnachincu  f>ut  relieved  of  l,he  tank  of 
inspection 

(iii)  One  operator  suporvising  Uiroo  ttiiw^liinoH  Ihi(,  roIioviHl  oC  i.I.o  timlc  (.!' 

inspection 

Of  the  three  alternativ(^H,  whic^h  yielilH  l.lio  liighoul,  iriaoliin<t  olKidit.noy? 

’■  A  gang  of  four  operatoi-H  are  ongaged  in  prndiiidng  n,  prodind.  widcli  (lonididw  oC 
four  parts  (A,  B,  C  and  I)).  The  work  in  dividod  hol.woon  (ho  ni(tn  a.ii  fidlow/i: 


(ii) 


(i)  Operator  1  brings  a  batoli  of  .•{()  pio.roH  of  oiwdi  pnr(,  ((bio  nurnbor  is 
determined  by  the  sizo  of  Uio  oari,;  (,itn(t  0.5  itdn.).  'flioji  ofionil.orn  iJ, 

4  take  parts  A,  B,  0  and  pr(it>aro  (fioin  on  (dinir  work  l.otudion  ((drno  for 
30  pieces  of  part  A  is  1.0  min.;  samo  (,itn<i  applion  (,o  pnidn  //,  (!). 
Operator  1  works  on  piecos  orjMirt  1)  (0.5  min.).  Wfion  all  /,tin  parlo  liavo 
been  finished,  operator  4  aHHomfiloH  I, horn  (time,  2.afi  min.  for  ;t0  aHH.an- 
bhes)  while  operators  1,  2,  3  prn,)aro  packing  ),oxoh  (l.irrm,  0.4  mio.  for 
each  operator  to  prepare  ton  boxes).  Wfien  aHH(nnl>ly  is  finisfiod, 
each  one  of  operators  2,  3,  4  takes  ten  asHend.lieH  f,o  mac.fdno  Cor  a  final 
operation  (assume  no  time  is  noedixl  for  tfiis  fiandling  operation). 
Operator  4  works  on  the  machine  with  the  liolt>  of  otH.rator  I  (time  for 
ten  assemblies,  0.25  min.)  while  the  other  (,wo  wail,.  Then  oporati.r  3 
works  on  the  machme  with  the  h.df)  of  o,, orator  I,  wfdle  o, .orator  4 
packs  his  finished  assemblies  in  the  h(,x(.H  (time.  0.5  min.),  an. I  lin.dly 
operator  2  operates  the  machine  with  the  tielj,  of  ot.eraU.r  I  and  tla.n 
packs  his  ten  assemblies.  When  a, 11  aHsoml.lieH  are  ,.a<d<..<l,  oiH.rator  1 
takes  them  away  (time,  0.5  min.)  and  firings  frost,  parts. 
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Your  task: 

(i)  Draw  a  gang  activity  chart  of  the  existing  process. 

(ii)  Discuss  this  process  and  suggest  possible  alterations. 

(iii)  Draw  an  improved  recommended  process. 

(Assume  all  operators  to  be  equal  in  skill  and  effort.) 

(iv)  Calculate  in  percentage  the  efficiency  of  utilization  of  the  machine  in 
the  initial  and  recommended  processes, 

(v)  If  maximum  utilization  of  the  machine  is  required,  what  changes  would 
you  introduce?  Draw  the  gang  chart  for  this  case. 

An  operator  uses  a  fixture  to  machine  a  component  on  a  milling  machine.  The 
operations  involved  are: 


Load  fixture 

4.0 

min. 

Clamp  fixture  to  m/c 

2.0 

min. 

Start  machine 

0.05  min. 

Adjust  flow  of  lubricant 

0.05  min. 

Machine 

8.3 

min. 

Stop  machine 

0.05  min. 

Clean  part 

0.2 

min. 

ITnclamp  fixture 

0.2 

min. 

XJnclamp  part 

0.2 

min. 

Inspect 

0.2 

roin. 

Pack  in  box 

0.2 

min. 

(i)  Find  percentage  of  utilized  time  of  operator  and  of  machine. 

(ii)  Rearrange  the  sequence  of  operations  to  achieve  a  higher  percentage 
of  utilization. 

(iii)  Draw  a  man  and  machine  chart  for  pre^nt  and  suggested  sequence. 
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QUANTITIES  IN  BATCH 
PRODUCTION 


Batcli  production  is  necessary  when  the  demand  for  a  commodity  is  limited  or 
when  the  rate  of  production  is  so  high^  compared  with  the  rate  of  consumption, 
that  they  cannot  be  geared  to  each  other  by  utilizing  continuous  production. 
The  product  is  therefore  manufactured  periodically  in  a  quantity  that  will  be 
sufficient  to  satisfy  the  demand  for  some  time  until  manufacture  of  this  product 
is  resumed.  In  the  interval  between  two  production  periods,  the  plant  and  equip¬ 
ment  can  be  used  for  the  manufacture  of  a  variety  of  goods  in  a  similar  fashion. 
A  complete  production  cycle  can  thus  be  organized,  in  winch  each  product  in 
turn  is  manufactured  in  quantities  corresponding  to  the  total  demand  for  it 
throughout  the  cycle  time. 

Two  basic  problems  immediately  present  themselves.  First,  if  each  product 
were  to  be  analyzed  separately,  disregarding  any  effects  other  products  might 
have  on  the  schedule,  what  is  the  quantity  (or  batch  size)  that  should  be  made 
each  time  the  product  is  manufactured?  Secondly,  once  the  *^best”  batch  sizes 
for  each  product  have  been  determined,  how  can  a  satisfactory  master  production 
schedule  he  set  up  to  take  account  of  the  plant  capacity  and  the  effects  of  these 
batch  sizes  on  the  cycle  time?  The  question  of  batch  sizes  will  be  dealt  with  in 
this  chapter  and  that  of  the  effect  on  scheduling  in  Chapter  14. 

Stoc^  Control 

Batch  production  in  its  simplest  form  is  shown  in  Fig.  10-1,  where  the  varia¬ 
tions  in  the  level  of  the  stock  are  plotted  against  time  (T).  The  line  0-1 
represents  the  production  proce^,  in  which  the  stock  is  built  up  at  the  uniform 
rate  of  units  per  unit  time.  After  the  production  period  the  level  of  stock 
reaches  a  point  Q^,  when  production  stops.  Line  1-2  repr^ents  the  variations  in 
stock  due  to  consumption  at  the  uniform  rate  of  umts  per  umt  time,  and  after 
the  'Consumption  period  no  stock  is  left  and  production  starts  again  at 
point  2.  The  same  c^'cle  can  now  be  repeated,  unless  it  is  decided  to  produce  a 
nevF  lot,  different  in  size  from  In  which  case  the  length  of  the  produc¬ 
tion  and  the  consumption  periods  will  differ,  hy  the  same  proportion,  from  the 
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corresponding  values  in  the  preceding  cycle.  During  the  consumption  period 
the  equipment  and  the  plant  can  he  utilized  for  manufacture  of  other  products. 
From  triangle  0-1-2  in  Fig.  10—1  it  can  be  shown  that 

Qi  =  (10-1) 

and  similarly,  ~  a 


Hence 


(10-2) 


The  ratio  of  production  to  consumption  periods  is  determined  by  the  ratio  of 
eonsumption  to  production  rates  (denoted  by  y).  This  ratio  is  a  measure  of  the 
amount  of  time  spent  in  any  production  cycle  on  one  product,  a  high  value  of  y 
implying  that  a  high  proportion  of  the  available  time  is  spent  on  the  manufacture 
of  the  product  in  question.  The  highest  value  of  y  is  1,  when  rates  of  production 


Figure  10-1.  .4  simple  stock 

control  modeL 


and  consumption  are  equal  and  production  ceases  to  be  of  the  batch  type  and 
^omes  continuous,  the  production  being  geared  to  the  demand  for  the  product. 
Sometimes  when  7  =  1,  production  cannot  keep  up  with  the  potential  demand 
and  no  stock  can  be  built.  The  market  may  then  rely  on  other  sources  of  supply 
and  a  queue  of  orders  is  often  formed.  The  lowest  value  for  y  is  0,  which  means 
that  no  time  is  required  for  production  and  the  problem  becomes  an  inventory 
one.  In  the  latter  case  provision  must  be  made  not  for  a  production  period  as 

such  but  for  a  delivery  period  during  which  the  order  given  by  the  stores  is 
executed. 

The  pattern  shown  in  Fig.  lO-l  completely  segregates  the  production  and 
consumption  periods  and  is,  therefore,  oversimplified.  First,  no  account  is 
taken  of  the  fact  that  consumption  also  takes  place  during  the  production  period. 
Secondly,  at  pomt  2  when  the  stock  dwindles  to  zero,  no  safety  margin  is  left, 
and  supply  from  the  stores  is  likely  to  stop  unless  production  starts  promptly 
at  tMs  pomt.  The  warning  light  to  start  production  should  be  given  not  when  the 
stock  IS  zero  but  at  such  a  point  that  wiU  allow  building  up  of  the  stock  to  a 
predetermined  level  at  the  completion  of  the  production  period. 


Quantities  in  Batch  Production  229 


Wiieii  these  facts  are  considered,  the  change  in  stock  follows  the  pattern 
shown  in  Fig.  10—2.  Instead  of  restarting  production  at  point  2,  when  the  old 
stock  is  fully  consumed,  a  new  stock  level  at  point  3  is  required.  Production 
must  start  at  point  2'  (the  distance  2'-2  being  the  time  Tjj  required  for  produc¬ 
tion),  allowung  for  accumulation  of  stock  as  denoted  by  point  3.  At  point  2  the 
stock  level  is  Qq^  which  may  be  regarded  as  a  safety  stock  (representing  the 
Tniyiirrmm  number  of  pieces)  below  which  the  stock  should  not  normally  fall. 
Actual  preparations  for  the  production  run  will  have  to  start  at  an  even  earlier 
stage  to  allow  setup  of  the  machines  to  be  finished  at  point  2'.  If  additional 
delays  are  normally  expected,  or  if  machines  are  not  always  available,  produc¬ 
tion  orders  should  be  issued  at  point  2",  accounting  for  this  delay  interval, 

The  stock  level  at  order  point  is  then  Q'q. 


Figure  10-2.  Stock  comirol  mith 
a  buffer  stock. 


During  the  production  period  the  stock  of  continues  to  dwin^e  at  a  rate  of 
a  5  units  per  unit  time,  and  a  new  stock  (represented  by  the  line  2-3)  is  built  up 
at  a  rate  of  units  per  unit  time.  The  net  increase  in  stock  level  is  given  by 
the  difference  of  these  rates,  and  since  both  are  ass^ed  here  to  be  linear,  the 
net  increase  is  also  linear,  as  shown  by  the  line  2-3.  The  stock  changes  are 
thus  represented  by  the  lines  1—2,  2—3,  etc.  This  pattern  is  sunilar  to  that  of 
Fig.  10-1  except  that  the  horizontal  axis  is  shifted  upward  by  a  distance  of 
Qq  from  0-T.  The  consumption  rate  remains  as  before,  while  the  rate  of  merease 
in  stock  during  the  production  peri'Od  is  given  by 


Ojj  = 

The  interval  time  available  for  utiUzing  the  equipment  for  other  purposes  is 


{  =  T,  -  Tp  -  f, 


4  being  the  setting-up  time  required  for  preparing  the  machines  before  the 
production  period  Tj,.  By  using  the  relation  10-2,  this  interval  becomes 


-  rp  (y  - 


T,  (1  -  y)  -  h 


(10-3) 
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The  safety  stoek  can  be  determined  from  the  triangle  2-2-2  in  Fig.  10-2  as 

Qq  =  TjP>q 


or,  if  this  equation  is  diYided  by  one  of  the  expressions  of  Eq.  10-1, 


^0  _  ^ 

Q 


(10-4) 


As  already  mentioned,  the  actual  stock  level  at  winch  the  order  for  production 
is  given  is  higher  than  Qq,  and  from  Fig.  10-2  it  can  be  shown  that 


Tg 


(10-5) 


If  the  delay  period  is  neglgible  compared  with  the  production  period,  the  stock 
at  order  point  will  be  the  same  as  the  safety  stock  Qq, 


Befinition  of  Batch  Sizes 

In  continuous  production  the  average  rates  of  production  and  consumption 
are  virtually  the  same.  A  buffer  stock  is  built  to  take  care  of  possible  stoppages  or 
breakdowns.  If  the  production  rate  remains  constant,  the  stock  level  wdll  vary 
according  to  fluctuations  in  demand.  Alternatively,  the  stock  may  be  kept  more 
or  le^  at  a  constant  level,  while  production  rate  is  regulated  to  follow  trends  or 
chang'cs  in  demand,  in  order  to  avoid  exce^ive  increase  of  stocks. 

,In  batch  production,  however,  the  stock  of  each  product  has  inevitably  to  be 
raised  to  a  predetenninwi  value  before  the  production  of  another  article  is 
undertaken  by  the  plant.  If  the  stock  level  is  kept  too  low,  that  is,  a  small  batch 
is  produc^i,  the  setup  costs  per  piece  and  the  setup  time  t¥ould  be  high.  From 
the  production  point  of  view,  long  runs  are  desirable;  however,  if  too  large  a 
batch  is  produced  and  stocked,  high  carrying  costs  are  incurred  (in  the  form  of 
interest  charges  on  the  capital  invited  and  in  storage,  maintenance,  and  deteri¬ 
oration  costs  while  the  goods  are  in  the  stores).  The  main  factors  affecting  the 
selection  of  batch  sizes  may  be  summarize  as  follows: 

1 .  Setup  costs  of  machines  and  other  costs  of  preparation  for  the  run 

2.  Consumption  rate 

3.  Production  rate 

4.  Inter^t  charges  per  piece  per  unit  time 

5.  Average  storage  costs  (including  maintenance  of  products  in  stores  and 
deteriomtion) 

6.  Sales  pri<» 

The  selection  of  a  batch  size  is  evidently  a  question  of  determining  an  optimum 
value  that  will  yield  the  best  possible  results,  when  the  criterion  for  judging  these 
results  has  been  adequately  defined.  This  problem  has  been  knowm  since  the 
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early  1920’s  and  numerous  attempts  at  a  solution  are  recorded  in  literature. 
Most  of  the  suggested  solutions  were  concerned  with  finding  the  batch  size  that 

results  in  minimum  total  production  costs  per  piece,  the  assumption  being  that 
miTn'mnm  production  costs  inevitably  result  in  maximum  profit  and  yield  the 
best  performance.  Under  circumstances  of  severe  competition,  the  sales  price 
per  unit  may  have  to  be  reduced  to  such  an  extent  that  production  at  minimum 
costs,  leaving  only  marginal  profits,  is  an  inevitable  poHcy.  But  when  manu¬ 
facturers  are  not  forced  to  produce  at  minimum  costs,  other  factors  must  be 
considered  so  as  to  compute  the  optimal  batch  size  for  the  prevailing  circum 
srta»n.ces 

How  is  an  optimal  batch  size  to  be  defined?  What  is  the  criterion  by  which  its 
effectiveness  can  be  measured  and  what  are  the  aims  that  should  be  set  to  guide 
the  policy  of  selecting  batch  sizes?  Let  us  examine  the  following  four  criteria. 

1.  MirtimiiTYi  costs  per  piece 

2.  Maximum  profit  for  the  batch 

3.  Maximum  ratio  of  profit  to  cost  of  production  (to  be  cafied  hence  maximum 
return) 

4.  Maximum  rate  of  return  per  umt  time 

On  the  face  of  it,  the  desirability  of  achieving  each  one  of  these  goals  would 
seem  self-evident;  but  are  they  compatible  with  each  other,  i.e.,  can  all  these 
goals  be  attained  at  one  and  the  same  time?  If  not,  how  should  prevailing  eir- 

cumstances  affect  the  selection  of  policy  ? 

Minimum-cost  Batch  Size 

The  production  costs  per  piece  consist  mainly  of  four  factors. 

1.  Constant  costs  per  piece,  c,  which  include  materials  m,  labor  I,  and  some 
overheads  o:  c  =  m  4-  I  -f  o. 

2.  Preparation  costs,  per  batch,  which  include  drawings,  planmng,  setting-up 
of  machines  and  equipment,  etc.  The  costs  per  piece  are  sjQ. 

3.  Interest  carrying  costs  paid  on  the  money  invested  in  articles  kept^  in 

stock:  I  =  ic  for  one  piece  per  unit  time.  The  average  level  of  the  stock  durmg 
the  consumption  period  is  J  (^  +  ^o)  eaiTj/ing  costs 

for  the  stock  for  this  period  are 

jQ  +  Qq  fji 
2  ^ 

Substituting  =  Q  ja^  and  dividing  by  Q,  the  carrying  costs  per  piece  are 

I 
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4.  Storage  carrying  costs,  including  charges  for  space  and  personnel,,  mainten¬ 
ance  while  in  stock,  and  deterioration:  if  the  average  storage  costs  per  piece  are 
B  per  unit  time,  then  for  the  consumption  period  they  are 


BT,  or 


These  factors  are  shown  in  Fig.  10-3,  the  total  costs  per  piece  being 


(10-6) 


Figure  10-3.  Proditctimi  costs 
per  piece. 


last  two  factors  can  be  combined  into  total  canning  costs  and  denoted  by 
A4>  Iwhere  K  is  the  carrying  costs  factor),  so  that 


and 


^  _  1(1  +  y)  +  2B 
'2a^ 


(10-7) 


I  —  c  +  Q  + 


eoastaat  variable 

ttsts  coste 


(10-8) 


The  point  where  the  costs  per  piece  are  minimum  is  found  by 

dr 


or 


dQ 


=  0 


=  0 


Q^  =  J~  =  Jj — _ _ 

V  A  \  1(1  +y)  +  2B 


(10-9) 
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At  the  point  of  minimum  costs  it  is  evident  from  Eq.  10-9  that 


^=KQr. 

i.e.,  the  total  carrying  costs  per  piece  and  the  preparation  costs  per  piece  are 
equals  and  the  batch  corresponds  to  the  point  of  intersection  of  the  two 
variable  costs  curves  in  Fig.  10-3.  The  minimum  total  production  costs  per  piece 
are 

^  ~T  h  ^Qm 


=  c  + 


Qm 


(10-11) 


=  c  + 


Example  1 

A  product  is  sold  at  a  rate  of  500  pieces  a  day  and  is  manufactured  at  a  rate 
of  2,500  pieces  a  day.  The  setup  costs  of  the  machines  are  SI, 000  and  the  storage 
costs  are  found  to  be  1.5  X  10"^  dollars  per  piece  per  day.  Labor  charges  are 
§3.20,  materials  $2.10,  and  overhead  $4.10  per  piece.  If  the  interest  charges  are 
8  per  cent,  find  the  minimum-cost  batch  size  and  the  costs  of  the  production  run. 

Solution 

In  this  case  we  have 


Hence 


5  =  $1,000 

B  =  $0.0015  per  piece  per  day 
=  5'00  pieces  per  day 
Up  =  2,500  pieces  per  day 


^  5m 

Up  ^  2,500 


=  0.2 


As  the  time  unit  taken  here  is  one  day,  it  is  necessary  to  calculate  the  interest 
charges  per  day.  These  are  expressed  in  a  decimal  form.  Assume  2m  working 
days  in  a  year;  then 


*  =  - =  $2.67  X  10-*  per  day 

100  300 


and  the  constant  costs  per  piece  are 

c  =  3.20  +  2.10  +  4.10  =  $9.40  per  piece 
/.  /  =  ic  =  2.67  X  10-*  X  9.40  =  $2.5  X  10"®  per  piece  per  day 


The  minimnm-cost  batch  size,  by  Eq.  10-9,  is 


's/  2.. 


2  X  500  X  1,000 


6  X  10-®  X  1.2  +  2  X  1.5  X  10-® 


13,000  pieces 
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The  totel  production  costs  per  piece,  by  Eq.  10-11,  are 

y  ,  2s 

9  AAA 

=  =  ^9.55  per  piece 

The  production  run  will  involve  the  sum  of 

a*r«  =  13,000  X  9.55  =  $124,000 

Special  cases 

1.  When  the  production  period  is  comparatively  short  and  the  storage  charges 
smaU,  a  simplified  version  can  he  obtained  for  Eq.  10-9.  These  conditions  may 
be  expressai  by 

B  <I 
y  <  I 

making  the  carrying  costs  factor  K  (from  Eq.  10-7) 


K  = 


I 


and  the  batch  size  for  mimmum  costs  is  then 


(10-7a) 


Qm  =  (10-9a) 

Kiis  formula  was  first  suggested  by  Harris  (1915)  and  later  by  Camp  (1922),  and 
K  often  quoted  in  literature.  Under  the  circumstances  described  above,  it  will 
yield  quite  satisfactory  results,  but  when  y  and  B  are  not  negligible,  its  use  is 
not  justified,  as  illustrated  in  Example  2. 

2.  When  the  production  period  is  either  relatively  short  (i.e.,  y  <«  1)  or 
irrelevant  {as  in  inventory  problems),  the  modified  form  of  Eq.  10-9  becomes 

This  is  caUed  the  inventory  formula  for  optimal  batch  sizes.  The  ratio  y  does  not 
figure  in  this  formula,  which  may  sometimes  be  successfully  used  in  problems  of 
batch  sizes  m  manufacture  because  it  is  obviously  a  better  approximation  than 
Camp’s  formula. 

Examph  2 

Machine  components  supplied  to  the  assembly  shop  are  produced  in  a  plant 

at  a  rate  of  100  pieces  a  day.  A  cost  analysis  showed  that  the  constant  production 
costs  i>er  piece,  including  labor,  materials,  and  overhead,  amount  to  |2.40  per 
piece,  and  the  storage  costs  are  $0.0005  per  piece  per  day  (this  figure  includes 
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the  maintenance  charges).  If  the  preparation  and  machine  setup  costs  for  a 
production  i:un  amount  to  |500  and  the  assembly  bay  is  using  40  pieces  per 
day,  find  the  minimum-cost  batch  size  and  the  length  of  the  production  run 
(assume  interest  charges  are  12  per  cent).  Compare  these  results  with  those 
obtained  by  Camp’s  formula  and  the  inventory  formula. 

Solution 

From  the  given  data 

c  =  $2.40  per  piece 
5  =  $5.00 

B  —  10.0005  per  piece  per  day 
==  40  pieces  per  day 
—  100  pieces  per  day 

Assume  300  working  days  in  a  year;  hence  the  interest  charges  per  day  are 

12  1 

^  =  tt:;:  ^  X  10“^  per  day 

T  AA  O  AA  ^ 


or  I  =  ic  =  2.40  x  4.0  X  10"^  =  $9.6  X  10"^  per  piece  per  day 


and 


^  ^  ^  ==04 

a  “  100 


Computations  of  the  minimum- cost  batch  size  by  expression  10-9  give 


Qn 


2  X  500  X  40 


,6  X  10-^  X  1.4  +  10-^ 


=  4,140  pieces 


The  length  of  the  production  run  (excluding  setup  time)  is 
^  4,140 


100 


=  41.4  days 


If  Camp’s  formula  or  the  modified  inventory  formula  are  used,  the  r^ults  for 
will  be 


By  Camp: 


f¥x 

N  9.* 


X  500  X  40 


.6  X  10-^ 

6,430  pieces  involving  64.3  days’  production 


By  the  inventory  formula: 


Qm  — 


V 


2  X  500  X  40 
9.6  X  10"^  +  10-3 


=  4,520  pieces  corresponding  to  45.2  days’  production 

In  this  case  Camp’s  formula  obviously  does  not  yield  satisfactory  results  l^cause 
it  ignores  the  marked  effect  of  storage  costs.  Even  the  inventory  formula  gives  a 
batch  size  that  is  larger  by  9.2  per  cent  than  the  quantity  suggested  by  fomiula 

10-9. 
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Other  formulae 

Apart  from  the  three  formulae  given  by  10  0,  10  Oa,  a-nd  10  <))»,  nurmu’onH 
other  formulae  an;  to  lx;  found  in  lit(u•atur(^  KWmI.iaJIy,  i-he  (liridnnM;<'  between 
the  various  published  expr(;HHior»H  li(;H  in  tb(;  (wjiluat-ion  of  the  budor  /<  a.n<l  in 
the  importance  attributed  to  sonu;  variabbni  lil«;|y  to  alfe^d,  it.  We  nludl  mention 
here  three  of  the  most  important  att(;m[)tH  in  tliin  din;eti<»n: 


Raymond's  formula 


In  the  late  1920’s  F.  E.  Raymond  (;arri(;d  out  a-n  (^xtcuinivc;  /  study  of  va-riablen 
affecting  batch  size  determination.  Ih;  wan  rmu'rdy  eoruxuauxl  witJi  i.lm  (diet;!/  (d* 
dividing  a  batch  into  a  numb(;r  of  lots  and  with  i/b(;  tirne  involvtxl  in  waiting 
between  operations.  To  account  for  th(;s(;  and  oth<;r  ra(;torH,  be  nugge/ded  /{(;v<;ra,l 
expressions,  of  which  the  “simplified”  formula  (publisluxi  if)  1030)  in  an  follow, s: 


/y 


2k 


2hv 

h 


<:  ;):i 


ly  i  (10  12) 

Nj 


where  F  =  a  stock  coefficient,  f)(;ing  tlx;  ratio  of  tin;  av(u*a,ge  nurnlxx-  of  artieleH 
in  the  stock  above  to  tin;  maximum  fiurf)  b(;r  above  for  ))/)iforrn 
consumption  F  ===  J. 


^  =  a  factor  to  take  account  of  “work  in  jfnxxu-in” 
__  c'  1  m  +  ^ 
c  “■  2 

c'=z  cost  of  piece  in  process  ni  |  i(/  |  o). 

V  =  volume  storage  spacx;  p(*r  piece;. 
h  ==  storage  costs  per  1  sep  ft.  p(;r  unit  tirm;, 
h  =  average  height  to  which  storage;  is  ix;rmitd(;fl. 
N  ==  number  of  lots  in  tin;  batch. 

A  =  time  factor 


==  1  +  (iV'  -  1)  operation  in  ttu;  baf,(5b) 

(total  process  tinu;  for  first  lot) 

Example  3 

A  component  is  supplied  to  the  store  at  the  rat(,  of  200  pieooH  a  day.  when 
sc  eduled  for  production,  the  rate  of  consumption  f),Mnf,r  op 
preparation  costs  are  $1,200  per  batch,  but  it  has  boon  d(.,ido<l  to  divide  the 
batch  mto  three  lots,  to  be  produced  in  succciSHiori.  volume  of  (he  eorri- 
ponent  is  0.01  cu.  ft.  and  the  storage  costs  are  Ic.  p(,r  eubi(,  foot,  pe,-  <ltty.  'I'f,,, 

^2.60.  but  the  e,osts  piu-  pie(,e  in  pn.gress 
are  $2.00  If  the  time  for  the  first  operation  in  the  hatch  is  H  ,,er  <=e,nt,  of  flu,  1,otal 

minimum-cost  batch  size. 


Quantities  in  Batch  Prodttdion  237 


Sdutkm 

From  the  data  given  above, 


Hence 


Hence 


s  =  $1,200 
c  =  $2.50  per  piece 
c'  =  $2.00  per  piece 

,  =  5:  =  ?:22  =  o.8 

c  2.50 
F  =  0.5 

i  =  4  X  10*^  per  day 

I  =  f*c  =  4  X  10”^  X  2.5  =  $0,001  per  piece  per  day 
V  =  0.01  cu.  ft.;  b  =  $0.01  per  cu.  ft.  per  day 
N  =  S 

A  =  l-}-  0.08  (3  -  1)  =  1.16 
=  20  pieces  per  day 
=  200  pieces  per  day 

^  a„  200 


The  batch  size  computed  by  Raymond’s  formula  is 


0.1  1-x 


_ 2  X  20  X  1,200 _ 

■  10-SxO.l  X:^  +  2xl0-Sxl0- 
1.16 


1-0.1  1-- 


=  6,120  pieces 

If  the  simpler  expression,  10-9,  is  nsed, 

Q  —  I  3  X  20  X  1,200 - ==6  070  pieces 

V  10-3  X  1.1  +  2  X  10-^ 

This  result  differs  from  that  obtained  by  Raymond’s  formula  by  1^  than  1  per 

cent.  The  discrepancy  will  obviously  increase  with  M  and  y,  but  in  most  cases 
the  difference  is  so  small  that  many  of  the  factora  included  by  Raymond  can  be 
ignored  and  formula  10—9  may  be  satisfactorily  applied. 

This  argument  may  well  be  illustrated  by  calculating  the  total  production 
costs  per  piece  for  these  two  batch  sizes,  using  expression  10-11;  Wot  Q^  =  6,120 
(obtained  by  Ea3rmond’s  formula), 

=  2.50  +  =  $2.89  per  piece 

while,  for  Q„  =  6,070  (obtained  by  expression  10-9), 

Y  =  2.50  4-  =  $2.90  per  piece 

^6,070 


$2.89  per  piece 


while,  for  Q„ 
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the  difference  being  actually  oia^d/hird  of  a  fwo  (ignrcn  (wIhui 

accurately  calculated),  which  amcuntH  to  alnud*  0,1  pea*  <^enl.,  '^rherf's  in  cih^irly  no 
merit  in  employing  olahoraO^  formulae  in  of  (Jiin  kiixL 


Lehoezky’s  formula 
This  formula  can  b(^  (‘.xpn^HHCKl  as 

where  X  =  number  of  batchen  to  b(^  producMni  p(^r  yc^ar. 

M  =  interest  on  raw  mat(TialH  [)ur<;liaH<Hi  on(;<i  a<  yt^fir, 

L  =  setup  charges  of  rnachincH  in<5lurjing  pr(^f)a.ra(ioiii  and  omin  hucIi  ii« 
drawing,  planning,  ord(n‘ing,  ami  tooling. 

m'  =  finished  producjt 

cost  of  raw  material 


JDavis^  formula 
This  formula  is 

'  J (I  \  2.H)  (I  \  ky)  (H>-I4) 

Here  /  , 

where  r  =  the  desired  rate  of  profit  on  the  workinp;  profit,  .^xin-oonorl  a/i  ii 

decimal  value. 

Ic  =  &  batch  factor,  exprewing  the  influoiUKi  of  ftatofi  ()ro<fnotioii  on  tfn* 

economy  of  manufacturing,  given  f)y //;  2P  I. 

P  =  quantity  at  orchvr  point 

quantity  used  while  awaiting  d(»Iiv(iry* 


Methods  for  computing 
Use  of  formula 


M  already  mentioned,  this  method  has  boon  a  r.opniar  o.u,  nxp<nn.d<«l  by 

e^Xr^'Lml  of ®  f<.rrr,nlaf,i,.K  v(,r.y  ofaf>omto 

^ressions  (some  of  which  were  listed  abovi,)  which  pertain  to  provide  v(,ry 

co^  fteZn tr  ^hich  this  thoory  is  liaseif  Htat<,H  that  the 

as  the  only  variable  feltmes  Se  fol^tloTsuch  r’ 
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limitations.  The  advantage  of  this  model  is  its  simplicity;  it  does  not,  however, 
resemble  reality  accurately  enough  to  warrant  very  elaborate  formulae.  Secondly , 
these  complex  expressions  are  cumbersome  to  handle  and  require  accurate 
determination  of  a  large  number  of  variables,  a  task  which — if  not  sometimes 
impossible — may  at  least  be  a  difl&cult  and  lengthy  affair.  In  many  cases  the  use 
of  complex  formulae  may  even  be  unjustified,  as  demonstrated  in  Example  3. 

Expression  10—9  and  its  approximations,  10— 9a  and  10— 9b,  involve  a  smaller 
number  of  variables  and  are  by  far  simpler  to  use.  Moreover,  batch  production 
is  a  dynamic  affair;  circumstances  may  rapidly  change  and  a  handy  tool  is 
required  to  assess  the  effect  of  changing  factors. 

Use  of  a  nomograph 

A  nomograph  facilitates  rapid  calculations,  and  if  drawn  to  a  suitable  scale, 
it  yields  quite  satisfactory  results.  The  nomograph  in  Fig.  10-4  is  based  on  the 
formula  10—9.  The  left-hand  half  is  concerned  with  the  variables  I  (ordinate), 
y  (oblique  lines),  B  (abscissa),  and  (oblique  lines).  The  right-hand  half  con¬ 
tains  three  variables:  K  (ordinate,  obtained  from  left-hand  half),  s  (oblique 
lines),  and  (abscissa). 

EmmpM  4 

Tak;e  the  data  given  in  Example  1.  IJse  the  nomograph  as  follows:  Mark  I 
=  2.5  X  10“^  on  ordinate  on  the  left-hand  half.  Dmw  a  horizontal  line  to 
intersect  the  y  lines  at  y  =  0.2.  The  abscissa  now  gives  the  interest  charges, 
corrected  to  account  for  the  effect  of  the  production  period:  ^1(1  +  y).  Add 
the  storage  charges:  1.5  X  10“^  -{-  1.5  X  10“^  =  3.0  X  10“^.  Draw  a  vertical 
line  to  intersect  lin^  at  ==  500.  The  ordinate  giv^  the  factor  A  (=  6 
X  10~®).  Extend  the  horizontal  line  to  intersect  5 at  s  =  1,0(M},  and  the  minimum- 
cost  batch  size  is  given  by  the  abscissa  at  the  point  of  intersection;  in  this  case, 
=  13,000  pieces. 

When  the  ratio  y  is  very  small  or  when  batch  sizes  have  to  be  computed  for 
inventory  purposes,  the  procedure  of  intersecting  the  y  hn^es  can  be  bypassed, 
either  by  using  y  =  0  or  by  directly  marking  J/2  on  the  absci^a  on  the  left. 

The  effect  of  using  the  simple  Camp  relation  is  also  illustrated  on  the  nomo¬ 
graph.  use  is  made  of  the  parameter  y,  and  the  left-hand  abscissa  is  not 
corrected  for  storage  charges,  In  our  example  this  would  lead  to  ~  20,0CK) 
pieces.  It  is  obvious  from  the  nomograph  that  only  when  y  and  B  are  n^ligible 
will  the  error  resulting  from  Camp’s  formula  be  small. 

A  gr&pMeal  method 

This  method  can  also  be  called  lecaningfrom  bmer  mperience.  If  a  product  has 
been  manufactured  several  tirn'CS  in  various  quantiti^,  the  curve  of  cosis  per 
piece  vemus  batch  size  mn  be  plotted  (Kg.  10-5)  and  the  point  of  minimum  costs 
oht&meA  from  it. 

The  Tnn.ir\  disadvantages  of  this  method  are:  Krst,  a  large  number  of  points 


Wi 


o.(xmi 


O.CXXX)] 


.{i+r)+B 


Total  carrying  costs,  per  piece  per  day 

Figure  10-4.  A  nomogrmph  /or  computing 

is  required  to  facilitate  the  constraction  of  the  curve,  all  relating  to  circumstances 
in  which  the  constant  costs  per  piece  are  the  same.  If  this  part  of  the  cost 
function  undergoes  a  change,  the  curve  is  no  longer  valid.  Secondly,  because  the 
curve  is  fiat  at  the  minimum  jwint,  it  may  be  difficult  to  establish  where  this 
point  is. 

This  may  not  be  considered  a  practical  method  for  current  evaluation  of  Q^,. 
but  it  can  provide  a  useful  tool  for  management  when  trying  to  assess  whether  a 
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100  1,000  10,000  l(X),CXX)  10^ 


j  Miniroum  cosf  batch  size,  pieces 

the  ntinimum^-cast  tmteh  size* 

product  with  a  history  behind  it  is  sensitive  to  variable  c»sts,  in  which  case  a 
fuller  analysis  is  jnstified. 

A  m€>dified  gmpMeal  method 

In  this  method  it  is  not  necessary  to  plot  the  curve  or  to  have  a  large  number 
of  points  on  it.  It  is  sufficient  to  locate  two  poinlB  on  either  side  of  which 
have  the  same  ordinate;  i.e.,  the  same  production  costs  per  piece^.  corresponding 
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to  two  batck  sizes  ft-  and  (Fig.  10-5).  It  can  be  shown  (see  Eq,  10-20)  that 
the  relation  between  these  batchy  and  is 

O  =  ^ 

where  the  factor  j?  is  the  variable  costs  per  piece  incurred  at  Qi  and  Qn  compared 
with  those  incurred  when  is  produced  (see  definition  Eq.  10-15).  The  fact 
that  it  is  necessary  to  a^ssess  the  value  of  p  by  the  available  data  may  introduce 
errors  in  the  calculations,  but  the  accuracy  ofQ^  mainly  depends  on  the  accuracy 
with  which  Qj  and  Qjj  can  be  determined. 


Figure  10-5.  A  graphical  method  for 
finding  the  minimum-^cost  batch. 


Equating  tte  wmrmbie  casts 

At  the  point  of  mininium  costs,  the  two  terms  of  variable  costs  are  equal: 


This  fact  provide  a  good  method  for  finding  the  point  of  minimum.  Once  the 
values  of  s  and  K  have  b^n  determine,  the  curves  of  the  two  variables  are 
plotted  (Mg.  10-6),  and  is  given  by  the  abscissa  of  the  point  of  intersection, 


Batch  size 


Figure  10-6.  Finding  by  eqtmUng 
the  variable  costs. 
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which  is  more  clearly  definable  than  the  determination  of  a  minimnm  point  on  a 
shallow  portion  of  a  curve. 

The  Production  Range 

A  production  range  may  be  likened  to  dimensional  tolerances  on  engineering 
components.  A  certain  batch  size  may  be  considered  the  best  target  that  should 
be  aimed  at,  but  in  practice  it  may  be  impossible  to  obtain  a  satisfactory 
production  schedule  consisting  of  ideal  batches  only. 


Determination  of  the  production  range 

Any  increase  in  total  production  costs  above  the  minimum  total  costs  corre¬ 
sponds  to  two  batch  sizes  on  either  side  of  as  shown  in  Mg.  10-7.  If  such  an 
increase  in  costs  is  allowed,  it  is  possible  to  deviate  from  and  select  any 
convenient  batch  size  that  lies  between  the  two  limits  without  causing  an 
increase  in  production  costs  above  a  predetermined  value.  The  range  between 
the  two  limits,  called  the  f  reduction  range,  offers  the  desired  flexibility  when 
scheduling  of  the  batch  is  attempted. 


Figure  10-7.  The  produeUon  Tumge. 


In  order  to  find  the  numerical  value  of  the  two  limits  ^  and  Qjj  (see  Mg. 
10-7),  we  shall  first  define  a  nondimensional  ratio  p  as  follows: 


Y  —  c  variable  cx>sts 

—  c  TniTiimuTTi  variable  costs 


(10-15) 


Since  deviations  from  the  minimum-cost  batch  size  result  in  a  change  in  the 
variable  terms  of  the  total  production  costs  function  (expr^sion  10-8),  the  ratio 
is  a  convenient  measure  of  increase  in  costs  above  the  minimum.  The  value 
of  p  is  higher  than  1  and  the  costs  fonction  expr^sed  by  10-8  may  be  written  as 


Y  =  c  +  p(Y^~c) 
=  c  +  2KQ^ 


(10-16) 


=  c  + 


p 
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To  find  Qi  and  tlie  limits  of  the  production  range  (Fig.  10-7)  substitute 
expressions  10-8  and  10-11 

-  c  =  2KQ„ 


to  the  definition  10-15  of  j);  hence 

_  {s!Q}  -r  KQ 
2^0 


1/s  1 


Aj^qq„ 


By  substituting  now  siE  =  Q-^  (by  10-9)  and  a  nondimensional  ratio 


we  get 


=  -i 

V«»  ,  Q 


AQ  Q,. 


(10-17) 


(10-18) 


(10-20) 


By  solving  this  equation  for  q,  when  p  is  known,  we  have 

5  =  j,  ^  -V  _  1  (10-19) 

Qi  =  Qm(p  —  vy-  —  1) 

,  _  (10-20) 

On  =  Qn,(p  +  vy  _  1) 

It  is  significant  that  Eq.  10-19  is  a  nondimensional  expression,  the  tolerance 
on  the  production  range  being  dependent  on  the  aUowable  increase  in  variable 
costs.  If  this  increase  is  by  1  per  cent  (i.e.,p  =  1.01),  the  limits  of  the  production 
range  would  be 

q  =  1.01  ^  \  (1.01)^  —  1  =  1.01  ±  0.142 
=  0.S68 


In  other  words,  the  limits  of  the  production  range  are  13.2  per  cent  below  and 
lo.t  per  cent  above  the  minimum-cost  batch  size.  These  figures  indicate  that 
the  total  production-costs  function  is  very  “flat”  near  the  point  of  minimum, 
being  more  flat  m  the  region  where  Q  >  Q„,  than  when  Q  <  Q,^.  Another  signifi¬ 
cant  feature  of  this  function  is  the  amount  of  flexibHity  that  results  when  a 
eomparativej  small  mcrease  m  variable  costs  is  allowed,  and  one  must  not 
mcrease  in  total  production  costs  due  to  a  deviation  from 
would  be  even  smaller.  If  the  variable  costs  are  aUowed  to  increase  by  5  per 
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cent  (i.e.,  p  ~  1.05),  the  range  is  —27  to  +  37  per  cent,  and  when  10  per  cent 
is  allowed  (or  p  =  1  JO),  it  becomes  —36  to  +56  per  cent.  The  relation  10-18  is 
plotted  in  Fig.  10-8,  from  which  the  limits  of  the  production  range  are  readily 
obtained  once  the  allowable  increase  in  variable  costs  has  been  determined. 


1.0  2.0  3.0  4.0 

q 


Figure  10-8.  D-etermination  of  the 
production  range. 


Conversely,  when  scheduling  of  a  number  of  products  is  attempted,  the 
desirable  degree  of  flexibility  in  selecting  batch  sizes  can  be  ascertained,  from 
which  the  likely  maximum  increase  in  variable  costs  can  be  obtained  by  Fig. 
10—8.  It  is  then  the  responsibility  of  management  to  decide  whether  these 
variations  in  production  costs  can  be  tolerated. 

Effect  on  production  costs 

The  effect  of  p  on  the  total  costs  Y  evidently  depends  on  the  ratio  of 
constant  costs  per  piece  to  variable  costs  per  piece;  the  larger  this  ratio,  the 
less  is  T  affected  by  p.  The  total  costs  may  be  expre^ed  in  a  nondimensional 
form.  From  Eq.  10-16, 


1  =  1 


+ 


c 


^Qm  represents  the  carrying  costs  per  piece  when  is  produced;  hence  the 
ratio  KQj^jc  is  defined  for  a  particular  product  under  given  circumstances. 
Substituting  the  ratio 


The  cost  function  becomes 


c  c 

^IQm  ^Qm 


c  u 

The  minimum  total  costs  are  obtained  when  p  =  1: 


(10-21) 


(10-22) 


Y  2 


u 


c 


{10-23) 
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Hence  the  increase  in  costs  due  to  a  deviation  from  is  given  by 

p-i 

c  c  c  |m 


If  expressed  in  a  ratio  form,  it  can  be  shown  that 

AF  p-1 
I  m  +  1 


(10-24) 


This  expression  demonstrates  clearly  the  effect  of  p.  When  the  ratio  u  is  large, 
a  slight  increase  in  p  is  unlikely  to  cause  a  noticeable  change  in  the  total  produc¬ 
tion  costs,  thus  leaving  room  for  a  wide  production  range  to  be  defined,  while 
when  the  ratio  u  is  small,  the  reverse  is  the  ease.  The  relation  between  and  u 
with  p  as  a  parameter,  is  plotted  in  Fig.  10-9. 

The  futility  of  seeking  a  very  accurate  mathematical  method  to  calculate 


Figure  10—9.  Increase  in  costs  per  piece. 
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is  once  more  indicated  by  the  preceding  expression  10-24.  Even  if  compara¬ 
tively  large  errors  are  incurred  in  determining  the  total  costs  are  affected 
very  little. 

Example  5 

When  the  minimum- cost  batch  size  is  produced,  it  is  known  that  the  variable 
costs  constitute  25  per  cent  of  the  total  production  costs.  If  is  increased  by 
20  per  cent,  ivhat  increase  in  production  costs  can  be  expected? 

Solution 

It  is  known  that  2KQ^jY„,  =  0.25.  Hence 


c  -f" 


2KQ^  2KQ^ 
or  u  =z  6.0 

Qn  is  increased  by  20  per  cent,  or 


+  1  = 


0.25 


The  increase  in  production  costs  would  be 


1  = 


P 


1.017 


=  0.0043,  or  by  0.4% 


iu+ I  3.0  -f  1 

Esxtmple  6 

It  is  required  to  establish  the  production  range  for  the  followdng  data: 
Setup  costs  s  =  §1,000 

Carrying  charges  factor  K  =  $0.25  x  10"®  per  unit  per  day 

Constant  coste  per  piece  c  =  $2,0 

Allowable  increase  in  costs  per  piece  |  =  2.5% 

Solution 

Eirst  find  the  minimum-cost  batch  size: 


The  ratio 


Qm  — 


^  ~  2,000  pieces 


c 

sIQm 


2 

1,000/2,000 


=  4.0 


The  factor  p  can  be  now  be  found,  either  from  Eig.  10-9  or  by  Eq.  10-24: 


or 


0.025  = 
P  = 


P  ~  1 

2.0  +  1 

1.075 
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And  firom  Fig.  10~8  tMs  relaxation  corresponds  to 

qi  =  0.68 
gii  =  1.47 

the  prcMinction  range  being  between  1^360  and  2^940  pieces. 


Figure  10-10.  Batch  profit,  shown  bp 
shaded  rectangle. 


Maximum-profit  Batch  Size^ 

We  have  seen  that  when  minimum  production  costs  per  piece  are  sought,  the 
computed  batch  size  is  unrelated  to  the  sales  price  of  the  article.  Turning  to 
another  criterion  by  which  success  is  often  measured,  we  shall  try  now  to  find 
the  batch  size  that  yields  maximum  absolute  profit. 

To  conclude  without  further  analysis  that  production  at  minimum  costs  also 
results  in  maximum  profit  for  the  batch  would  be  fallacious.  It  is  true  that  the 
profit  per  piece  under  these  circumstances  would  be  maximum,  but  the  profit  for 
the  whole  batch  is  also  dependent  on  the  number  of  pieces  in  the  batch.  As  the 
total  costs  piece  rise  very  slowly  beyond  it  is  reasonable  to  conclude  that 
when  a  batch  size  larger  than  is  produced,  the  total  profit  uill  rise.  The 
batch  size  cannot,  however,  be  increased  too  much;  otherwise  the  production 
costs  will  rise  to  such  an  extent  as  to  leave  a  very  marginal  profit  per  piece.  In 
the  extreme,  too  large  a  batch  size  will  involve  such  high  carrying  costs  that 
production  costs  would  be  equal  or  even  higher  than  the  sales  price,  leaving  no 
profit  at  all. 

First  it  is  necessary  to  express  the  profit  in  terms  of  the  batch  size.  IfQ  pieces 
are  produced  at  the  costs  of  Y  per  piece  and  the  sales  price  is  Y'  (see  Fig.  10-10), 
the  profit  per  piece  is  F'  -  F,  and  the  profit  for  the  batch  is 

Z  =  Q(r  ^F)  (10-25) 

TMs  profit  is  denoted  in  Fig.  10-10  by  the  shaded  rectangle,  being  the  difference 
between  the  money  earned  (rectangle  TQ)  and  the  cost  of  production  (rectangle 
F^).  Maximum  profit  is  acMeved  when 


^  This  Mctioa  may  be  omitted  at  first  reading. 


Quardities  in  Batch  Production  249 


Substitute 


r  _  MI)  =  0 


r  =  c  +  ^  +  ZQ' 
y 


d{QY) 

dQ 


c  +  2KQ 


c  +  ~  +  KQ 
Q  j 


Hence 


-  +  ZQ'  -  2KQ^  =  0 


where  is  the  batch  size  yielding  maximum  profit.  Therefore 


When  sjK  ~  is  substituted,  we  get 

_  Qm( Qm  ,  Q 


But  by  Eq.  10-19 


where 


1  fQ^  ,  Q' 


2\Q'  '  y. 


T'  -c 
Y„-C 


(10-26) 


This  expression  is  similar  to  10-15,  andp'  gives  a  relation  between  the  sales  price 
and  the  minimum  production  costs  per  piece.  Hence 


Qp  =  P'Qm 

«  y  2* 


(10-27) 


Asp'  >  1 ,  the  batch  size  giving  maximum  profit  is  larger  than a  conclusion 
already  mentioned  above. 

Example  7 

For  the  data  given  in  Example  1,  find  the  maximum-profit  batch  size,  if  the 
sales  price  has  been  fiLxed  to  $10.50  per  piece.  What  profit  per  piece  is  envisaged? 
Solution 

Y'  -c  10.50  -  9.40 


9.55  -  9.40 


=  7.35 


It  has  already  been  foxmd  that  =  13,000  pieces.  Therefore 

=  7.35  X  13,000  =  95,500  pieces 
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The  produeMon  of  iiiTolves  an  increase  of  variable  costs  by 


The  production  co:Sts  by  Eq.  10-16  are 

J  =  c  +  =  9.40^  +  0.15  X  3.74  =  |9.96  per  piece 

and  the  profit  per  piece  is 

T  -  7  =  10.50  -  9.96  =  $0.54 

It  is  also  possible  to  arrive  at  the  maximnni-profit  batch  size  Qj,  by  a  graphical 
construction  based  on  Eq.  10-27.  The  minimum-cost  batch  size  and  the  mini- 
miim  costs  per  piece  are  fimt  computed,  and  these  coordinates  describe  the 
point  A  {Q^;  in  Fig.  10-11.  The  constant  cost  per  piece,  c,  is  marked  on  the 
ordinate  (point  B),  and  the  sales  price  is  indicated  by  a  horizontal  line.  Points 
A  and  B  are  joined  and  the  batch  Q^,  is  given  by  the  point  of  intersection  of  this 
line  with  the  price  line.  Simpie  geometric  considerations  wall  prove  that  this 
construction  is  in  acconianc^  with  Eq.  10-27. 


Figure  10-11.  Graphical  fnethod>  for 
fimdimg  the  fnammum’-profit  batch 
stjse- 


As  alr^dy  mentioned,  it  is  neo^sary  to  produce  large  batches  in  order  to 
achieve  maximum  batch  profit.  The  graphical  method  clearly  Ulnstrates  that 
th^e  batches  can  be  very  large  indeed  when  the  constant  cost  content  is  rela¬ 
tively  high.  Ir^Tren  compared  with  the  minimum-cost  batch  size  the  maximum- 
profit  batch  has  several  noteworthy  implications: 

1.  Large  batches  have  various  technical  advantages:  The  setup  time  per 
pime  is  rwiumi  and  hmm  the  equipment  can  be  more  productively  used;  the 
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sciiediile  becomes  smooth  and  nnintemipted  for  a  long  time  and  gives  more 
scope  for  improving  production  methods.  In  many  cases  a  detailed  method 
analysis  in  short  runs  would  be  impossible,  whereas  in  long  runs  such  a  study 
may  lead  to  saving  in  labor,  materials,  and  overhead  costs,  thus  reducing  the 
total  production  costs  per  piece. 

2.  In  cases  w^here  the  length  of  the  production  run  is  not  linked  with  change 
in  methods,  the  production  cost  function  remains  unchanged  and  higher  costs 
per  piece  will  be  incurred  when  Qp  is  produced.  If  Qp  does  not  greatly  deviate 
from  Q^,  the  increase  in  price  may  not  be  too  serious,  as  it  was  shown  above  that 
the  total  costs  curve  is  usually  quite  shallow  beyond  the  point  Sometimes, 
however,  such  an  increase  may  be  undesirable  if  there  is  a  likelihood  of  a  change 
in  pricing  policy.  In  Example  7  the  deviation  from  is  very  marked,  leading  to 
an  increase  of  41  cents  in  production  costs  per  piece  (4.3  per  cent)  and  a  profit 
margin  of  only  54  cents  per  piece.  If  market  conditions  or  competition  force 
the  manufacturer  to  reduce  his  sales  price  by  only  5  per  cent,  he  will  scarcely 
make  any  profit. 

3.  The  product  will  remain  a  longer  time  in  stock,  leading  to  slower  turnover 
of  the  capital.  This  slow  turnover  may  greatly  impede  the  activities  of  the 
organization,  especially  if  its  r^ources  are  limited. 

4.  Last  but  not  least,  this  criterion  is  misleading.  True,  the  whole  concept  of 

profit  per  batch  is  largest  when  Qp  is  produced,  but  then  (i)  more  money  is 
required  to  produce  the  batch,  and  (ii)  it  takes  longer  for  the  profit  to  be 
realized.  In  short,  as  the  consumption  volume  per  annum  is  fixed,  the  total  profit 
per  is  a  maximum  when  is  produced  and  declines  if  is  produced, 

therefore  both  profit  and  capital  turnover  decHne,  and  the  realization  of 
maximum  profit  per  batch  would  appear  to  have  little  advantage  (apart  from 
the  technical  advantages  associated  with  long  runs). 


Maximum  Ketum^ 

W^e  have  seen  that  the  policy  of  maximum  profit,  which  actually  involve  an 
increase  in  absolute  profit  at  the  expense  of  even  a  larger  increase  in  the  invest¬ 
ment  required  to  execute  the  production  run,  may  be  regarded  a  poor  way  to 
evaluate  performance.  It  would  seem  that  profit  should  be  measured  not  as  an 
absolute  figure,  but  at  least  as  one  in  relation  to  the  amount  invested  in  produc¬ 
ing  the  batch.  This  approach  leads  us  to  the  third  criterion:  the  ratio  of  profit  to 
the  cost  of  the  production  run,  or  ^*return’’  tj.  The  cost  to  produce  the  batch  is 
Q  T,  and  the  return  can  be  expressed  as: 


Z  QT-QY 

'^~QT~  QT 


(10-28) 


^  Uliis  section  may  be  omitted  at  first  reading. 
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In  order  to  attain  maximiim  rettirn,  it  is  necessary  to  have  maximum  Y'lT; 
i.e.,  a  mmimum  value  for  F.  But  minimum  Y  means  that  the  batch  is  produced 
at  minimum  production  costs  per  piece.  Hence,  in  order  to  have  maximum 
return,  has  to  he  produced,  and  it  may  therefore  be  said  that  optimal  con¬ 
ditions  as  measured  by  these  two  criteria  are  achieved  simultaneously. 

If  Y  and  F'  are  substituted  by  Eq.  10-22,  the  return  of  rj  becomes 


2p'  +  u 
2p  u 

. 


(10-29) 


The  return  is  ruaximum  when  p  =  1 : 


f' -I 

Performance  can  be  now  measured  by  comparing  the  actual  return  with  the 
maximum  return  when  a  batch  size  Q  is  produced,  and  this  measure  becomes  a 
Mnd  of  efficiency  index.  By  using  the  above  computations,  this  ratio  is 


n  —p  ^  1  -f 
nm  f  —  I  F  + 


(10-30) 


What  efficiency  index  can  be  expected  when  deviations  from  are  made?  We 
have  seen  that  the  effect  of  such  deviations  on  the  production  costs  depends  on 
the  value  of  the  factor  p,  which  provides  the  basis  for  defining  the  production 
range.  The  departure  of  iq  fiom  the  point  of  maximum  depends  on  three  factors: 
p,  p',  and  u.  The  return,  is  mainly  sensitive  to  {p'  —  p),  while  the  ratio  u  has 
a  far  ie^er  effect,  especially  when  a  is  large. 


Maximum  Rate  of  Return® 

So  far  no  account  has  been  taken  of  the  time  during  which  sales  and  profits 
are  effectei.  The  time  factor  is  of  great  importance  when  turnover  of  the  capital 
is  considered,  as  it  would  seem  far  more  desirable  to  achieve  the  same  return  in 
a  short  period. 

A  high  rate  of  return  implies  that  stocks  should  be  kept  at  a  low  level  and 
replenished  at  short  interval  times  by  small  batches.  If  the  batch  size  that  yields 
maximum  rate  of  return  is  called  the  economic  hatch  size,  it  would  appear  that 
the  economic  batch  is  far  smaller  than  the  minimum- cost  batch. 

The  advantages  of  the  economic  batch  size  were  first  pointed  out  by  F.  E. 
Raymond  (1930)  and  later  by  P.  T.  Norton  (1933),  who  recognized  the  fact  that 
prcxiuction  of  economic  batches  will  involve  higher  production  costs  per  piece 

®  TMs  section  may  be  omitted  at  jSrst  reading. 
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tkan  when  is  produced;  however,  they  suggested  that  econoiriic  batches  are 
more  profitable  because  a  higher  rate  of  return  on  the  capital  invested  is  achieved. 

If  the  rate  of  return  obtained  when  is  produced  is  considered  an  acceptable 
one,  it  is  possible  to  define  a  smaller  batch  that  will  yield  the  same  rate  of  return. 
The  smaller  batch  will  entail  higher  production  costs  per  piece,  but  this  will 
require  far  less  capital.  F.  E.  Raymond  proceeded  to  find  this  batch  size  by 
using  his  formula  for  the  minimum- cost  batch  size,  mo^dified  by  introducing 
f  I  instead  of  I,  where  the  factor  /  "‘provides  for  the  proper  conservation  of 
capital,”  as  he  put  it.  The  value  of  /  as  suggested  by  Rajunond  is 

/=  1+1.-,+  ^  [2(5-1#)]  [1  -(W] 

^  +  .4{1  -  y[l  -  (IjN)]} 

where  i  is  the  rate  of  interest  paid  on  the  capital,  and  r  is  the  rate  of  return 
normally  expected  on  the  invested  capital,  in  excess  of  the  interest  rate.  Raymond 
considered  the  range  between  this  batch  and  as  the  "economic  range,  in 
which  any  selected  batch  size  vill  yield  at  least  the  rate  of  return  related  to 
the  maximum  rate  of  return  being  located  somewhere  at  the  middle  of  the  range. 
This  batch  can  be  computed  by  the  same  method,  except  that  the  factor  /  is 


f=l+2‘- 


A  similar  method  was  advocated  by  P.  T.  Norton,  who  considered  for  1  the  total 
interest  paid,  as  well  as  taxes,  insurance,  etc.,  and  the  desired  rate  of  return  on 
the  capital. 

a 


-J 


'2a 


(r  +  i)c  -f  2B(l  —  r) 

where  N  =  number  of  working  days  per  year, 
r  —  desired  rate  of  return. 
i  —  taxes,  insurance,  etc. 

J5  =  storage  costs  per  piece  per  year. 

In  this  method  the  interest  is  related  only  to  the  constant  production  costs 
and  not  to  the  total  production  costs.  It  is  also  based  on  the  assumption  that 
producers  are  free  to  select  a  desirable  value  for  the  rate  of  return  vith  no  rela¬ 
tion  to  the  sales  price.  In  practice,  the  sales  price  is  often  determined  by  con¬ 
ditions  prevailing  in  the  market,  those  due  to  competition  or  to  the  preparedne^ 
on  behalf  of  the  customer  to  pay  what  seems  a  reasonable  ^he  article. 

The  sales  price  will  have  a  direct  effect  on  the  batch  size  and  wiO  determme  the 
rate  of  return  that  may  be  expected. 

Another  method  would  be  to  find  the  rate  of  return  m  terms  of  sale,  price 
production  costs,  and  batch  size,  and  then  to  maximize  this  expression.  The 
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rate  of  return  is  defined  as  the  profit  realized  for  every  monetary  unit  inv<^Hf.od 
per  unit  time.  The  time  during  which  the  profit  is  obtained  is  the  consum  pt-iou 
period  T^.  Hence  the  rate  of  return  R  is 


or,  by  Eq.  10-28, 


(10-31) 


In  fact  the  rate  of  return  may  be  slightly  higher  because  not  all  the  investment 
is  made  before  the  run  and  some  is  paid  during  the  production  period  in  the  form 
of  wages  and  even  procurement  of  material.  However,  for  any  plant  these 
factors  remain  fairly  constant  and  do  not  affect  the  issue  as  far  as  batch  sizes 
are  concerned. 

By  substituting  Eq.  10-1,  =  Q/a^,  the  maximum  rate  of  return  is 

obtained  when 


dB 

—  =  0 
dQ 


or 


£ 

dQ 


Hence 


Y'  _  ya 

dQ  - 


If  r  is  substituted  by  Eq.  10-8  and 


(10-32) 


d{YQ) 

dQ 


=  c  -f-  2iKQ 


the  equation  obtained  for  the  economic  batch  size  is 

P“Q*  —  2K{Y'  —  c)Q^3  ^  ^  2sK  —  Y'c)QJ^  +  2csQ^  +  8^  =  0  (10-33) 

While  the  batch  size  relating  to  maximum  absolute  profit  has  been  shown  to  be 
larger  than  the  n™um  cost  batch  size  Q^,  the  economic  batch  is  smaller  than 
ims  can  be  shown  by  substituting 

d{YQ)  /, 

in  Eq.  10-32;  hence 

Y'  1^1  -  WQJ  -  R:Q, 

Since  T'  >  J",  it  follows  that 


-1  =  ^ 
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As  already  shown,  at  the  point  of  minimum  costs 


Qm 

and  from  Fig.  10—3  it  is  clear  that 


^Qm 


for  Q>Qm. 


and  ^  for  Q  <  Qn 

Q 

hence  the  economic  batch  size  must  be  smaller  than  the  minimum-cost  batch. 

Equation  10-33  for  the  economic  batch  size  is  of  the  fourth  order  and  may  be 
expressed  in  a  simpler  form  by  the  use  of  the  definitions  10-15  and  10-17: 


or 


p 


r  -  c 


Y'  ~  0  =  p'{T^  -  c)  =  p'2KQ^ 


and 


a 

Qm 


Hence 

or 


■  4pV  +  ^(1  ' 
2 

^  2g  +  u 


.  up')q^  +  2uq+  I 

“1 


(10-34) 


By  use  of  Eq.  10-18  this  expression  can  be  reduced  to 

2p'q^  +  (p'u  —  =  0  (10-35) 

This  form  is  a  quadratic  equation,  which  is  simpler  to  solve  than  Eq.  10-34, 
when  all  the  factors  are  known.  Admittedly,  y  is  a  function  of  y,  but  as  p  vanes 
slowly  with  q  (especially  when  q  is  high),  the  equation  .can  be  wived  by  stages: 
First,  it  can  be  assumed  that  p  =  1,  and  then  a  correction  is  introduced  for 
p  by  use  of  Eq.  10-18. 

From  Eq.  10-35  very  simple  approximations  can  be  obtained  for  the  evalua¬ 
tion  of  q.  The  solution  depends  on  the  value  of  it,  which  in  practice  is  finite.  If  an 
extreme  ease  is  taken  where  u  — co,  Eq.  10-35  is  reduced  to 


or 


(10—36) 


At  the  other  exfaeme,  when  it  — ^  0,  Eq.  10-35  becomes 

2p'q^  —  2p^q  =  0 

„  _  (10-37) 

or  p' 

and  the  solution  for  q  should  in  fact  lie  between  the  two  extreme  values  obtained 
by  Eqs.  10-36  and  10-37.  When  q  is  high,  the  solution  obtained  by  these  two 
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approximaiiionH  do  not;  firodly  diH’or  Iron)  oaoh  ol.lior,  A  ttal.iiiracl.ory  nn-Miod 
oom|)u1ic  Qf  would  he,  (;o  find  q  IVoin  I)]*].  10  dO,  llioii  lind  «,  oor'r<'(!|,<><|  viiIik'  Oy 
Hii(!(iOHHiv((  iiHo  ol  |)]<|.  10  ;{7  (I, ho  oalonlaliion  of  p  la'iii/';  ha.iiod  on  M(|. 

Q,,,,  liaH  i.o  ho  Ibiiiid,  whoroiipoii  qQ^^i. 

Example  H 

'I’he  mimmum-ooHt,  hal,oh  hIho  Im  known  U>  f»o  2,000  ()i(i(!OH.  Firul  I, ho  ooonor)iio 
batch  Hiiso  when  l.hc^  .salo.s  prioo  yioIdH  a  hi, odor  p'  1 .40. 

Solutio?!, 

From  Eq.  10-30, 


i 

P' 


1 

.1  AO 


0.71 


The  factor  p,  by  Eq.  10-18  is 


P 


q  + 


(0.71  I- l.dO)  1.00 


The  corrected  value  for  q,  by  Eq.  10-37,  is 


<1- 


qp  (I.OO)'-* 


'p'  I  AO 

This  value  results  in  a  niodiliod  value  for  p: 

p-^l(o.HOl  ‘ 

2  V  '  0.80 


-  O.HO 


1 .026 


Hence 


75 


y,2  /I 

p'  1 .40 

A  third  step  will  brixig  ns  nearer  to  tlu^  (hisinnl  va/hu^: 

1 


P 


=  sfo.75-|  •  )  1.04 

2V  0.76/ 

(1.04)*^ 

“  Li)'”  ^ 


0.77 


A  further  cheek  will  show  that  this  is  the  solution  orE().  10  37.  The  real  value 
of  ?  hes  between  0.71  and  0.77,  depending  on  the  magnitude  of  u.  U  u  is  high 

L"n  won  '  ™  be  soloctod.  while  for  a  small  a.  the  Holutbn’ 

for  q  will  be  nearer  0.77.  When  a  =  2.  the  value  of  q  is  abmd,  midway  between 

we\ It!  -  m 
instance,  ?  =  0  73 


Qe  <lQm  --  0.73  X  2,000  “  lj460,  pieces 
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If  the  full  equation,  Eq.  10-34,  is  solved,  it  is  found  that  q  =  0.72,  leading  to  the 
conclusion  that  the  approximation  method  yields  a  very  satisfactory  result. 

Another  method  for  computing  the  economic  batch  size  is  given  by  Eig.  10-12, 
where  the  factor  p'  is  plotted  against  q  mth  as  a  parameter.  The  curves  are 


Figure  10-12.  Non^dimensionai  curtyes  for  compuUmg  iAe 
economic  hatch. 


based  on  Eq.  10-34  and  provide  a  simple  and  convenient  means  for  finding  q 
when  p'  and  u  are  known.  The  curves  lie  between  two  limits:  one  where  ii  0 
(i.e.,  when  Eq.  10-37  applies)  and  the  other  where  m  =  oo  (i.e.,  when  Eq.  10-36 
applies).  AH  start  at  the  same  point  (q  =  1.0;  p'  =  1-0),  thereby  showing  how 
manufacturers  are  compelled  to  produce  mimmum-eost  quantities  when  coni- 
petition  is  severe  and  selling  prices  are  comparatively  low.  The  role  of  m  is 
insignificant  in  this  region,  but  its  effect  becomes  more  and  more  noticeable  as 
the  selling  prio^  increase. 

Figure  1^0-13  has  a  similar  series  of  curves,  except  that  the  ratio  TjT„  is 
plotted  against  q.  The  relation  between  Y'jT^  andp'  is  readily  obtained  fiom 
Eqs.  10-22  and  10-23: 

Y'  u  +  -Ip' 

“  +  2 

If  the  ratios  Y'IY„  and  u  are  known,  the  value  of  q  is  immediately  obtained 
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without  necessarily  having  to  calculate  p'.  It  is  clear  from  Figs.  10-12  and  10-13 
that  reduction  of  setup  costs  wiU  reduce  the  economic  batch  size,  both  becau* 
q  becomes  smaller  (owing  to  reduction  in  u)  and  because  is  smaller  (see 
Eq.  10-9). 


Figure  10-13.  ^on-dimensional  curves  for  eomputina  the 

eGmm&mie  batch,  ^ 


It  IS  mteresting  to  study  the  variations  in  rate  of  return  when  a  batch  size  is 

^leet^  A  wnvenient  basis  for  comparison  would  be  Q^.  The  rate  of  return  has 

deiiied  as 


When  is  prc^nmi, 


e 


Hence  ^  _  V_  ^ _ 1 

Vm  Q  VmS 

^  hhm)  <  1,  It  IS  clear  that  producing  batchy  larger  than  O 
affect  the  rate  of  return. 


{10-S8) 
will  adversely 
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The  adoption  of  the  economic  batch  size,  leading  to  the  production  of  a 
smaller  batch  than  has  some  noteworthy  features  when  compared  with  Q^: 

1.  As  in  the  case  of  the  maximum-profit  batch  size,  higher  than  produc¬ 
tion  costs  per  piece  are  incurred.  However,  now  we  are  below  where  the  costs 
function  is  steep  (Fig.  10-3)  and  far  more  sensitive  to  the  batch  size  than  it  is 
beyond  the  point 

2.  Less  capital  is  tied  to  a  particular  production  run. 

3.  Production  time  is  shorter;  hence  production  techmques  may  not  get  a 
chance  to  become  fully  developed  as  in  long  runs,  when  production  rates  could 
be  greatly  improved.  Also,  short  runs  increase  the  relative  length  of  setup  time 
and  nonproduction  time  of  the  equipment. 

Comparison  of  the  Various  Criteria^ 

Some  of  the  implications  resulting  from  the  selection  of  batch  sizes  were 
discussed  above,  but  it  is  useful  to  illustrate  some  of  these  effects  by  an  example: 
Suppose  the-parameter  «  =  5.0  (i.e.,  the  variable  costs  constitute  28.6  per  cent 
of  the  total  production  costs)  and  p'  ==  1-40  (the  sales  price  in  this  ease  being 
11.4  per  cent  above  FJ.  The  effect  of  batch  size  on  the  variable  costs  factor  p, 
production  «>sts  per  piece,  costs  per  batch,  profit,  profit/cost  of  production,  and 
rate  of  return  is  given  in  Table  10-1,  and  some  of  these  fimctions  are  shown  m 
Mg.  10-14,  the  results  for  being  taiien  as  100  per  cent. 


Table  10-1 

Effect  of  SBimsUng  a  Lot  Sl»e 
ip'  =  1.40;  tt  =  5.0) 


II 

( VaricAle 
Gosis)  z(Min. 
■var.  costs) 

P 

Costs  per 
piem, 

Y 

Com  of 

Prodiudion 

FroJU 

Profit 
Cost  of 
Prod. 

0.50 

1.250 

107.1 

53.6 

18.8 

35.1 

0.60 

1.133 

103.8 

62.2 

40.0 

64.2 

0.70 

1.064 

101.8 

71.3 

58.8 

82.3 

0.73 

1.050 

101.4 

74.1 

63.9 

86.2 

O.SO 

1.025 

100.7 

.80.6 

75.0 

93.1 

0-90 

1.005 

100,1 

90.1 

88.8 

98.6 

1.00 

1.000 

100.0 

100.0 

100.0 

100.0 

1-10 

1.005 

100.1 

110.1 

108.6 

98.6 

1.20 

1.017 

100.5 

120.6 

114.9 

95.3 

1.30 

1.034 

101.0 

131.3 

119.0 

90.6 

1.37 

1.050 

101.4 

138.9 

119.9 

86.3 

1.40 

1.057 

101.6 

142.2 

120.1 

84,5 

1.50’ 

1.083 

102.3 

153.5 

118.9 

77.4 

1-60 

1.113 

103.2 

165.1 

114.8 

69.6 

1.70 

1.144 

104.1 

177.0 

108.8 

61.5 

1.80 

1.178 

105.1 

189.2 

99.9 

52.8 

1.90 

1.213 

106.1 

201.6 

88.8 

44.1 

2.00 

1.250 

107.1 

214.2 

75.0 

35.0 

^  section  may  be  oinitted  at  first  reading. 
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70.2 
107.0 

117.6 
118.1 
116.4 

109.6 
100.0 

89.6 

79.4 

69.7 
63.0 

60.4 

51.6 

43.5 

36.2 

29.3 
23.2 

17.5 
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An  increase  of  25  per  cent  in  variable  costs  causes  in  our  case  an  increase  of 
m  total  production  costs.  The  cost  of  production  obviously  increases 
W1  h  tlie  batch  size,  but  owing  to  the  increase  in  costs  per  piece,  the  cost  of 
prodnction  IS  more  than  doubled  when  the  minimum-cost  batch  size  is  doubled 

iq  =  2.0).  The  profit  function  is  maximum  at  y  =  1.4  and  is  20  per  cent  higher 
than  the  profit  at  Q„,  but  cost  of  production  tied  to  the  production  run  is 
■  per  cent  higher,  the  ratio  of  profit  to  cost  of  production  is  dowm  15  per  cent  and 
^te  of  return  is  40  per  cent  lower  and  only  about  a  half  of  its  maximum 
Maximum  ra,te  of  return  is  obtained  at  g  =  0.73,  and  these  two  batch  sizes  are 
appro^ately  the  limits  of  the  production  range  for  p  =  1.05.  Ratio  of  profit 
o  cost  of  production  for  the  economic  batch  size  is  about  the  same  as  for  the 
ot^  end  of  the  range,  but  the  cost  of  production  for  the  batch  is  almost  halved 
ihe  advantages  of  the  economic  batch  size  are  self-evident  from  Rig.  10-14, 
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and  unless  special  benefits  are  to  be  gained  from  a  larger  batch  (such  as  better 
production  methods,  or  envisaged  changes  in  labor  and  materials  costs),  it  is 
preferable  to  the  other  criteria  for  the  choice  of  batch  sizes.  The  function  of  rate 
of  return  is,  however,  very  sensitive  to  the  b^tch  size,  and  this  fact  leaves  little 
room  for  flexibility  in  the  form  of  production  ranges  for  scheduling  purposes. 
Moreover,  below  the  point  of  the  economic  batch,  both  the  return  and  rate  of 
return  deteriorate  very  quickly.  A  change  in  pricing  policy  may  adversely  affect 
both  the  return  and  rate  of  return. 

It  would  appear  from  the  above  that  in  most  cases  the  best  production  range 
should  probably  lie  between  and  Q^,  provided  the  production  coste  at 
are  not  too  high.  This  range,  however,  may  prove  to  be  too  narrow  and  may  have 
to  be  expanded  when  scheduling  difficulties  arise.  The  range  to  may  be 
termed  the  economic  prodimtion  range. 

Example  9 

The  sales  price  of  a  household  article  is  $11.50.  It  has  been  established  that 
minimum  production  costs  of  $9.75  can  be  attained  when  a  batch  of  is 

scheduled.  State  the  economic  production  range,  if  management’s  policy  clearly 
states  that  production  costs  should  not  exceed  $10.00  per  piece.  It  has  also  been 
established  that  u  =  7.5. 

Solution 

The  given  data  are  as  follows: 

r  =  $11.50 
=  $9.75 
Y  ^  $10.00 
=  10,0CK)  pieces 
u  =  7.5 


The  economic  quantity  is  obtained  from  Fig.  10—13: 


•  =  1.18 


This  value  corresponds  to  g  =  0.56  (when  u  —  7.5),  or 

Q,  =  qxQ^  =  0.56  X  10,(X)0  =  5,600  piec^ 

Had  there  been  no  restrictions  on  the  production  costs,  the  economic  range 
would  have  been  defined  as  between  5,600  to  10,000  pieces.  It  is  neces^  to 
check  whether  this  range  complies  with  the  additional  r^triction. 

If  is  produced,  the  p  factor  would  be  (by  Eq.  10—18) 
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From  Eqs.  10-22  and  10-23,  -wo  know  that 

Y  u  \  -  *2p 

I 

Hence,  when  Qg  is  produced,  w<s  siuill  fiavo 

Y  _  7.r>  1 . 2.34 
I  2.0 

The  restriction  in  our  case  states  that 


1.030 


Y  1000 
Fm  9.76 


Hence  the  economic  batch  cannot  l)o  produced  without  causing  too  high  costs. 
To  find  the  lowest  acceptable  batch,  first  find  p  frotn 

Y  M  +  2p 


or 


r„ 


1.026 


M 


2 


7.6  |.  2p 
9.6 


or 


p  =  1.126 

From  Fig.  10-8  or  by  Eq.  10-19, 

q=p~o/p^-l  1.126  -V(l-I3r>)«  I  (Mil 

Q  0,  l()()  picHjoH 

The  economic  range  is  therefore  modified  to  6,100  to  10,000  piefiOH, 

Summary 

t  ^  control  is  required  to  ensure  iihat  Hi,o(,l<  hwels  are 

!n?iot  rn  high  as  to  cause  excessive  storage,  costs 

in  +h  !•  therefore  desirable  to  includ(»  oi,tirnal  iiateh  sizes 

m  the  production  schedule.  Three  optimal  batch-sizes  can  he  define, d 

(1)  A  mimmum-cost  batch  size,  which  ensures  that  tlie  production  <,osts  t,er 

'X"™  "f  k»n 

ompetition  or  likely  changes  in  pricing  policies. 

S  J!  f  :  .  minimum-cost  batch;  this  hatch  involves,  however  a 

m“T“ZZcZlT 

.mailer  ^rr.  “  ">“">>'■'»  >»*<’  -I'  return  and  i. 
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The  computation  of  optimal  batch  sizes  by  itself  is  not  enough,  since  a  certain 
amount  of  flexibility  has  to  be  allowed  for  scheduling  purposes.  This  flexibilty 
is  achieved  in  the  form  of  permissible  deviations  from  the  optimal  values  by 
defining  production  ranges  within  which  any  batch  size  may  be  safely  selected. 
There  are  two  such  ranges. 

(i)  A  production  range,  which  is  defined  by  the  permissible  increase  in  total 
production  costs  above  the  minimum  costs;  this  range  extends  from  a  value 
below  the  minimum- cost  batch  size  to  a  value  well  above  it. 

(ii)  An  economic  production  range,  which  is  defined  by  the  smaller  of  the 
two  following  ranges: 

(a)  A  production  range  determined  as  in  (i)  but  having  the  minimum-cost 
batch  as  its  upper  limit. 

(b)  A  range  having  the  economic  batch  and  the  minimum-cost  batch  as  its 
two  extreme  limits. 

The  economic  range  ensures  that  the  final  selection  of  the  batch  size  results 
in  a  better  rate  of  return;  however,  if  the  limitations  by  which  the  range  is 
defined  are  too  tight,  little  room  for  flexibility  is  left. 
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Problems 

1.  The  production  of  an  article  involved  machine  setup  and  preparation  costs 
amountir®  to  $12,000.  The  constant  costs  for  each  article  were 
Materials  costs  -  -  •  -  cents 

Labor  costs  . .  .  -  -  •  ^  cents 

Overhead  . .  *  -  •  •  ^  cents  ^ 

The  interest  paid  on  the  capital  was  12  per  cent.  The  time  taken  on  the 
operation  was  8  min.,  while  the  total  time  required  for  all  operation  was  100 
min.  The  volume  of  the  article  is  given  as  0.01  cu.  ft.,  and  the  rate  of 
tion  was  uniform  at  20  per  day.  It  was  decided  to  dmde  the  produc^  batch 
into  three  lots,  each  of  which  is  finished  before  the  subsequent  batch  >s 
started.  Assume  that  the  setup  costs  do  not  increase  appreciably  by  the 
division,  of  th©  batches  into  lots. 
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minimiim-eost  batch  sizes  obtained  by  the  use  of  formtda 
10-9,  and  Camp  and  Raj-mond  formulae,  when  the  rate  of  production  is 
given  ^  (i)  500  per  day.  (u)  2oo  per  day.  and  (in)  80  per  day,  and  when  for 
each  of  these  cases  the  storage  charge  is:  (a)  0.1  cent  per  cu.  ft.  per  day- 
lb)  0.2  cent  per  cu.  ft.  per  day;  (c)  0.3  cent  per  eu.  ft.  per  day 
Demonstrate-the  effect  of  these  variables  on  the  results  by  plotting  the 

batch  sae  aga^t  y  when  6  =  0.1  cent  per  cu.  ft.  per  day  and  against  6  when 

Qjj  =  201}  per  day.. 

Find  the  total  costs  per  piece  according  to  the  three  formulae  for  the  case 
h  -  0.1  cent  per  cu.  ft.  per  day  when  =  200  per  day 
Jvote:  Assume  there  are  300  working  days  in  a  year. 

2.  In  connection  with  batch  production,  the  following  data  is  known: 

Preparation  costs:  S1»5CM). 

Rate  of  production:  2,000  per  day. 

Rate  of  consumption  flmear):  500  per  day. 

Storage  chaises:  SS.OO  per  piece  per  annum. 

Materials,  labor,  and  overhead  costs:  $2.00. 

Rate  of  interest:  9%  per  annum. 

(i)  Find  the  effect  of  splitting  the  batch  into  lots  (up  to  10  in  number)  by 
usmg  Raj-mond’s  formula.  Plot  hatch  size  against  number  of  lots  and 
compare  these  results  with  formula  10-9.  Assume: 
k  =  0.6 

-4  =  1  +  0.05{A"-1) 

*  increase  with  the  number  of  lots  introduced,  being  1,400 

-r  10iL\  dollars. 

(u)  Find  the  total  costs  per  piece  when  is  produced. 

Cm  I  Find  the  rate  of  return  (for  \  =  1), 

|i\  I  Caleuiate  the  cost  of  t,he  produetiori  run. 

3.  In  Problem  2  the  sales  price  is  20  per  cent  above  the  minimum  costs  per  piece. 

|i|  rmcl  t,lie  economie  batch  size  (for  X  —  1). 
fii)  Calculate  the  prcxiuetion  costs  per  piece, 
fiii)  Find  the  rate  of  return. 

(iv)  Find  the  cost  of  the  production  run?  Compare  these  results  with  those 

Obtained  m  Problem  2. 

4.  The  constat  costs  per  piece  are  known  to  be  §4.00,  the  canymg  charges  factor 

s  10,000!  ^ 

Find  the  pr^uction  range  if  the  allowable  increase  in  total  costs  per  piece 

1&  -  per  cent  above  the  minimum  costs  per  piece. 

t  economic  production  rmge,  if  the  sales  price  is  feed  at 

16  per  cent  above  the  in,iiiimum  costs  per  piece. 

®  if  the  ^les  price  can  he 

profit  production  costs:  (ii)  find  whether  the  maximum- 

S  per  cent  r"  to  “  !  --ge  when  the  sales  price  is  feed  at 

lu  per  cent  above  the  production  costs. 
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7.  (i)  Show  that  when  a  batch  Q  Is  produced,  the  ratio  of  profit  to  that  which 

might  result  if  were  produced  is 
Z  _  p'  p 
^  ^  ®  p'  -  1 

(ii)  Find  when  this  ratio  becomes  a  maximum. 

(iii)  Griven  p^  —  1.4,  plot  the  change  of  ZjZ^^  with 

8.  The  economic  batch  and  the  maximum-profit  batch  involve  approximately  the 

same  production  costs  per  piece.  Discuss  this  statement. 

9.  An  analysis  of  the  production  costs  of  a  shaft  produced  in  batches  revealed  the 

following  data: 

Constant  costs  per  piece:  $2.20. 

MiT>imTTm  total  costs  per  piece:  $5.20. 

Setup  and  preparation  costs  per  batch:  $4,000. 

Due  to  difficulties  in  scheduling,  it  was  decided  that  the  total  costs  per  piece 
^ould  be  ahow^ed  to  increase  by  a  maximum  6  per  cent. 

(i)  Find  the  economic  production  range  of  batch  sizes  that  could  be 

scheduled.  ^ 

(ii)  If  the  setup  costs  could  be  halved,  how  would  this  r^ge  be  affected? 

(iii)  If  the  sales  price  is  $8.00  per  unit,  find  the  quantity  that  yields  maxi¬ 
mum  profit.  Should  this  batch  size  be  adopted?  my? 

10.  A  batch  Q  is  produced  during  the  period  T,  at  the  rate  of  a,  units  per  unit  time. 

The  consumption  takes  the  form  of  y  =  A  +  Bx^,  where  y  represents  <  e 
number  of  articles  in  stock  and  x  is  the  time.  A^ume  an  initial  consumption 
of  where  a,  represents  the  theoretical  uniform  consumption  and 

ffi.  >  0. 

(i)  Find  the  general  formula  of  the  consumption  curve. 

(ii)  If  T  e  is  the  consumption  period  of  the  stock  Q  for  the  case  of  a  uniform 

consumption  (i.e.,  n  =  1  in  the  formula  and  x  =  show  that  for 

any  value  of  n : 


A^ume: 

=  200  articles  per  day 
Uc  =  20  articles  per  day 
Q  =  6,000 
m  =  1 

=  I-,  ^2  ~  ^ 

Compare  the  consumption  periods  for  the  three  cases. 

(iii)  For  m  =  1,  show  how  the  minimum-cost  batch  size  can  be  foun  . 

Assume:  ^  20o  articles  per  day 

Op  =  20  articles  per  day 
«i  =  h  =  1,  fis  =  2 
Setup  costs,  s  —  $600 
Interest  rate,  i  —  10  °b  P*^- 
Cost  per  piece,  c  =  $0.50 
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Find  Q  for  ti^e  tliree  cas^. 

{hi  For  tlie  data  given  in  (iii)  find  graphically  the  value  of  the  time  interval 
ibetween  tvo  successive  production  periods)  and  the  value  of  the 

minimiiiii  stock  Qq. 

11.  A  product,  for  which  it  is  known  that  u  =  4.0,  is  produced  in  a  quantity  which 
results  in  an  increase  of  6  per  cent  of  the  variable  costs  above  the  minimum, 
llliat  increase  of  total  costs  above  F*  should  be  expected? 


12.  PiOt  curves  to  show  how  the  ratios  7/11^  and  change  with  q, 

13.  A  stock  Q  is  produced  at  a  rate  of  units  per  day  for  a  period  It  is  then 

neeessan-  to  leave  the  batch  in  stock  for  a  period  during  which  sorting, 
inspection,  and  painting  are  carried  out.  A  qumitity  is  then  supplied  to  the 
a^emblT  Ime  at  the  rate  of  a  unife  per  day  for  a  period  T^.  The  supply  to  the 
msemhly  line  Is  intermittent,  so  that  after  a  supply  period  there  is  an 
mter^-al  before  supply  is  r^umed  for  another  period  T„  and  so  on. 

(I I  Draw  the  change  in  stock  level  for  the  four  cases: 

F,  -f-  >  Fe  >  F, 

>  Fe  >  0 
=  0 

M)  It  it  is  desirable  to  have  minimum  costs  per  unit,  what  is  the  optimal 
batch  Q  that  should  be  aimed  at  In  each  case? 

■(iii]  What  is  the  level  of  minimmn  stock  in  each  ease? 

14.  Inyie  previoas  problems,  was  held  eonstaat.  Suppose  that  it  actually  varies 
Wiv  with  the  hatch  size  $  {due  to  the  fact  that  when  a  larger  quantity  is 
pr  »  more  time  is  required  to  complete  the  various  necessary  operations 
m  the  store);  how  would  you  determine  the  optimal  batch  size? 


A  surt-ey  of  the  ^ock  control  policy  in  a  plant  producing  furniture  by  mass 
crodKeiion  methods  yielded  the  foUowing  data: 

A  Wh  of  components  Q  is  produced  at  a  rate  of  a,  units  per  day  for  a 
r,  and  then  the  batch  has  to  be  delayed  in  the  store  for  a  delay  period 
::  “d  inspection  before  it  can  be  issued  to  the 

^  a^mbly  line  is  continuous  (at  the  rate  of 

be^  «  f  ^  undesirable  for  the  stock  level  to  come  down 

i  ^  minimum  costs  per 

Haw  womd  you  present  your  solution  to  the  production  department’ 
Detad  your  su^estions  by  adding  an  appropriate  drawing  of 
eh^es  and  by  explaining  how  your  solution  id  be  appli^ 

For  one  component  the  rate  of  production  is  1  non  ^ 

120  per  week;  the  delay  period  T  -1^2  ^  of  supply, 

unit  perdav  B  -  snm^^  T’  ^  ^  f  =  *0-082 

i  FZ  :f  ~  Tl  ^  ®  =  *4-08  P®r  unit. 

,3,^  fmd  the  optimal  batch  size. 

•ill  WTtat  is  the  minimum  safety  stock  Q,? 

Iiiii  Plot  the  function  of  unit  coste 

0 -ifir  r*""“ 

not  exceed  0.2o  per  cent  above  toe  minimum  costs? 


ir 

BATCH-SIZE  DETERMINATION 
UNDER  BOUNDARY  CONDITIONS 


Considerations  of  the  optimal  batch  size  in  the  preceding  chapter  were  ba^i 
on  the  assumptions  that 

(i)  The  constant  cost  term,  c,  remains  constant,  irrespective  of  the 
quantity  produced. 

(ii)  The  carrying  costs  factor,  K,  is  unaffectoi  by  the  batch  size  (the 
carrying  cost  term  KQ  continuously  increasing  with  Q). 

(ui)  The  cost  of  preparation,  Sj  for  production  of  a  batch  is  the  same, 
whatever  the  size  of  the  batch. 

In  this  chapter  we  shall  examine  these  assumptions  in  more  detail;  it  would 
particularly  be  useful  to  study  the  effect  of  abrupt  changes  in  any  of  these  three 
factors  on  the  total  production  coste  function,  on  the  optimal  batch  size,  and 
on  the  production  range.  Since  the  optimal  batch  sizes  judged  by  various  criteria 
are  all  related  to  the  minimum-cost  batch  size  we  shall  confine  our  remarks 
in  this  chapter  to  Q„. 

Abrupt  Changes  in  the  Constant  Cost  Teim,  c 

The  constmit  cost  term,  c,  was  defined  as  the  cc^t  of  materials,  labor,  and 
certain  overhead,  and  it  was  assumed  that  the  cost  of  these  items  increases 
linearly  with  the  quantity  produced,  so  that  the  cost  per  umt  remains  constant. 

In  practice,  however,  we  find  that  c  is  likely  to  he  affected  by  the  quantity  Q. 
As  the  quantity  planned  for  production  mcreases,  there  is  more  scope  for  im¬ 
proving  work  methods,  inviting  in  better  aids  to  production,  and  planning  the 
work-place  layout  and  the  flow  of  materials  and  produclB.  Th^  improvements 
affect  the  preparation  costs  per  hatch  s,  but  they  may  often  lower  the  labor 
costs  and  hence  the  term  c.  Similarly,  the  materials  cost  content  may  be 
lowered  if  discounts  are  aHowed  when  larger  quantities  are  purcbas^i.  The 

reduction  in  c  may  take  two  forms  (Mg.  11-1): 

1.  Cbst  factor,  c,  may  slowly  decline  as  the  quantity  Q  increases;^ say as  a 
linear  function  (which  may  often  be  <x>nsidered  a  reasonable  approximation  if 

^  This  chapter  may  be  omitted  at  first  reading. 
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the  range  of  Q  that  we  are  interest-ed  i 


expressed  as 


m  IS  not  too  wide).  In  this  case  c  may  be 


c  —  Cq 


decline  in  c.  The  total  production  costs  per  unit 

^  =  Cj  —  -f  _ 

=z  Cq  --r  {E  ~  P)Q 


Figure  11-1.  Changes  in  ihe  casi  ferm,  c.- 

{a I  Gradual  fliaear)  change,  c  =  Ca--pQ 
|b|  Abrupt  eliange 

analysis  of  the  minimum-eost  batch  size  is  not  fundamentally  affected,  since 
the  cost  faction  IS  stiU  a  continuous  one  and  aU  we  have  to  do  is  to  substitute 

Q  r  c  an  ^  or  A  in  the  results  obtained  in  the  preceding  chapter.  Hence 
the  nnnmmiB-cost  batch  size  would  be 


V  A  -  ^ 

S**  change  at  a  certain  quantity  a;  and  decline  from  c, 

fte  often  occurs  because  of  discounts  aUowed  in  the  purchase  of  materials, 
lotr  T  constant  untU  r  is  reached  but  subsequently  reducing 

to  a  lower  level  mere  may.  in  fact,  be  more  than  one  -‘break’’^  in  the  cost  term 

c^  W  ^  ^  of  preparation  §  and  the  carrying 

cost  factor  E  are  unaffected,  the  total  cost  function  (Fig.  1 1-2)  is  ^  ^ 

For  $  <  x:  F,  =  c.  -l  1  .  trn 


For  Q  ^  a:: 


'  ^2  "f  ^  -f  PQ 


by  C.  Cihapter  9, 

n.  Ackoff,  and  E.  L.  Amoff  (John  Wfley  &  Sons,  Inc.,  1957). 
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Evidently  5  the  point  at  which  the  total  costs  become  minimum  does  not  change, 
as  =  'sJJjK  for  both  cases. 

The  total  cost  function  follows  curve  1  up  to  $  =  x  and  then  follows  curve  2. 
The  questions  that  we  have  to  study  are;  When  is  the  cost  function  at  x  lower 
than  the  minimum  cost  and  what  effect  does  the  price  break  have  on  the 
production  range? 


Figure  11-2.  Total  cost  function  icith 
cm  utyrmpt  hromk  im  c. 


Clearly  {Fig.  11-2),  the  mathematical  optimum  (derived  from  dT'dQ  =  0), 
which  is  located  at  is  on  curve  2  ’when  >*  x  and  on  curve  1  'when^j^  <C  x. 
In  any  event  the  cost  function  at  x  is  higher  than  the  costs  at  the  optimal  point 
of  the  second  curve  (F^  >  Y^m)-  Hence,  in  the  first  case  (namely,  >  -r)-  the 
mini-muTTi  costs  would  occur  at  Q^.  In  the  second  case  <t  x),  1  ^  would  be 
lower  than  the  costs  at  provided  the  reduction  in  c  is  large  enough,  as 

F*  =  %  -f 

and 

where  the  suffixes  1  and  2  relate  to  curves  1  and  2,  respectively. 

The  relation  Y^  ^  F^^  applies  when 

Cg  “T  ^  ~r 

or  Cl  -  Ca  =  Ac  >  2KQ^(P,  -  1) 

If  this  condition  is  satisfied,  we  can  proceed  to  find  .hat  quantity  corre¬ 
sponds  to  (see  Fig.  11-2),  so  that  by  specifying  any  quantity  between  x  and 
X2,  we  shall  have  total  production  costs  per  unit  lower  than  those  obtained  at 
Q^.  Similarly  to  Eq.  11-1,  =  ^i™  yields 

Ac  =  -lEQ^iPi  —  1) 

Ac 


ZJQ  Produditm  Planning  and  Control 


^  M»  =  Am 

EQ„  ^  ^ 

P2  =  1  +  JAm 

anil 

1 

+ 

II 

wiiQ^ 

*a 

«■ 

g  =  1  -{_  |Att  +  VAu  +  (Au)^ 

(11-2) 

m  siowii  grapMcaly 

In  Fig.  11-3. 

(11-3) 
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The  limits  of  the  production  range  would  therefore  be: 


When  X  <Qi^'. 

Lower  limit,  Qi  =  Qi^ 
Upper  limit,  =  Q112 

When  Qi2<  <  Qiii 

Lower  limit,  =  x 
Upper  limit,  Qu  =  Qn2 


When  Qii  <  x  <  Qjji  (see  Fig.  11-4): 

Ix>wer  limit,  Qi  =  Qh 
Upper  lunit,  Qn  =  Qns 


Figure  11-4.  The  production 
range  in  case  of  a  break  in  c 
when  Qji  <  x  <  0iii 


When,  however,  <  »  <  ^2.  ^  production  rang^  (see 

Kg.  11-6); 


Figure  1 1--5.  Tfw  prodwwtion 
ranges  in  ease  of  a  break  in 
c  whm  Qui  <  X  <  Qiif 


First  range; 


Ix)wer  limit, 
Upper  limit,  ^ni 


Serond  range: 


Lower  limit,  x 
Upper  limit,  Qn^ 
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Finally,  when  <  z: 

Lower  limit,  Qi  = 

Upper  limit,  Qxi  = 

These  five  situations  are  summarized  in  Fig.  11-6,  which  gives  the  upper  and 
lower  Imuts  for  each  case.  ^ 


Upper  limit 


.  Tbe  production  : 


Lower  limit 


Q-  B,  D, 


Figure  11-6.  The  production  range 

when  a  hreuk  in  c  occurs  at  x. 


Breaks  in  the  Carrying  Costs  Factor,  K 
credit  terms,  leading  to  reduction  in  the  interest  charges  per  unit 

in  ™ 

that  storage 


O,-  Q 


—  .Figure  11-7.  Production  costs  curces 
w  for  the  values  of  K. 


If  the  carrying  costs  factor  K  reduces  at  O  =  ^r  from  A'  to  IT  , 

costs  curve,  as  shotra  in  Ffr  i  r  7  o  ^  ® 

Ti  m  rig.  11-, .  ^  the  mimmum  point  on  the  first  curve; 
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^2^,  on  the  second.  If  we  assume  that  c  and  5  remain  unchanged  when  we  move 
from  curve  1  to  curve  2  because  of  a  break  in  then 


where  k 
that 


^  /K,y  _  , 
{slK,r-  \Ej  ^ 
=  KJKi.  As  it  follows  that 


(11-4) 

It  can  also  be  shown 


'^2m  ^ 


The  relation  between  the  p  factors  is  obtained  from 


(curve  1) 
(curve  2) 


Y  -  c 


Y~c 
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Hence 


.  _ / 

^iQlm  \ 

Pi  =  p^K^ 


Pi=p^K*  (11-5) 

The  totel  ^ts  curve  is  a  combination  of  curves  1  and  2,  foUowing  curve  1  up 

to  the  hre^  at  ^  =  a:  and  then  proceeding  along  curve  2.  Three  situations  may 

anse  (see  iig. 

Gme  (i) 

Si^e  point  on  the  portion  left  of  curve  1  is  above  7,^,  and  as  7^  is  even 
lower,  the  optimal  pomt  is  obviously  at  Q^.  From  the  point  of  view  of  minimum 
per  umt,  it  is  therefore  advantageous  to  operate  beyond  the  breaking 

Gme  {2) 

Qtm  ^  <z 

The  wmbined  total  costs  curve  has  now  two  optimal  points,  of  which 
would  coiT^nd  to  lower  costs;  so.  again  it  is  advantageous  to  operate  beySd 
re^i^  p^t  m  order  to  reduce  production  costs  per  unit.  The  interval  on 
curve  K  X  to  arj,  similar  to  the  one  shown  in  Fig.  1 1-2.  The  costs  at 

a:,  are  7^  =  7^,.,.  From  Eq.  11-5, 


bat  hem 


Pi  =p^ 

Pi==  1 

|?2  =  #C“* 


Smce  g  = 

=  K-i(l  +  Vl  —  k) 

or,  by  Eq.  11.^, 


^  (1  +  Vl  -k) 

K  ^ 


(11-6) 


Gme  (ill) 

Q&m<3; 

onJ^n"^  somewhat  sMar  to  the  .case  of  Fig.  11-2.  The  total  costs  curve  has 
aSi If  minimum  point  (at  Q,^),  but  costs  at  x  may  be  lower; 

^am,  ft  they  are.  the  mterval  x  to  x,  is  better  than  a.™  (x,  being  obtained  b^ 

As  to  the  production  range,  the  imilts  obtained  for  a  break  in  c  apply  here 
weU,  and  essentiaUy  Fig.  11-6  represents  these  results  graphitSy  (but 
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instead  of  one  optimal  point  two  should  be  marked  when  a  break  in  K 
occurs).  When  the  break  is  at  x  below  Ig,  the  production  range  is  between  Ig 
and  Ilg.  The  upper  limit  remains  at  II2  until  x  reaches  the  point  Ilg,  and  then 
the  upper  limit  falls  to  II^.  The  low^er  limit  is  x  between  Ig  and  and  then 
remains  at  Between  II^  and  Ilg  there  are  two  ranges,  but  the  second  one 
narrows  as  x  increases. 


Breaks  in  the  Preparation  Costs,  s 

Investing  in  better  production  planning  or  production  aids  (tools,  jigs,  hand¬ 
ling  systems,  loading  and  unloading  devices,  inspection  methods,  etc.)  often 
means  that  there  is  an  abrupt  increase  in  the  preparation  costs  s,  and  such 
additional  expenditure  may  be  worth  while  undertaking  when  a  certain  quantity 
^  =  a;  is  reached.  Suppose  that  c  and  K  remain  unchanged,  but  that  the  pre¬ 
paration  costs  increase  abruptly  from  to  (as,  for  example,  in  Fig.  11-9). 


Again,  there  are  two  mathematical  optimal  points,  on  curve  1  (which  in¬ 
volves  Si)  and  on  curve  2  (which  involves  s^).  It  is  simple  to  show  that 


9^ = ^  =  i/i 

Qlm  P2  W/ 

where  s^lsi  =  v.  The  break  in  s  may  occur  at  three  pointe: 
Case  (i) 


(11-7) 


X  <C  Qlm 

The  mathematical  optimum  would  be  at  costs  at  x  may  be  lower, 

provided 


where 


Pi  <  (11-8) 

^^Qlm 


®  Hote  that  Qji^  and  Qm  can  he  computed,  provided  >  1.0;  otherwise  I'max  <  ^1-. 
■which  m^iiis  that  the  whole  of  carve  1  is  ahove  the  maximam  allowable  production  costs. 
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If  Eq.  li~S  is  satisfied,  an  interval  Xg  to  x  would  involve  lower  costs  than 
is  deriv«i  in  a  similar  way  to  expression  11-6,  except  that  now 


■  Q  'M  I 


(11-9) 


Qlm  <C  -T  <C  ^2- 


There  are  two  optimal  points  at  Qj^  and  the  second  being  the  lower  of 
the  two.  The  interval  z  to  a*g  below  is  obtained  as  in  (i). 

CmM  (,fii| 


piere  is  only  one  optimal  point  at  As  the  portion  of  the  cost  curve  beyond 
44-n  mvoives  higher  costs  than  and  as  is  even  lower,  it  follows  that 

0|»ratiiig  before  the  breaking  point  is  advantageous. 


Upper  i’iirit 


T!ie  prociijcfion  rouge 


t  ]■,  Q.^Q» 


Figure  11—10.  'The  production  TangB 
for  m  breah  in  s  at 


.  ^  ^  tile  production  range  is  shown  in  Fig.  11-10 

1.  oia-eis  the  previous  two  cases  in  that  curve  2  is  now  above  curve  1  and 

-.-range.  I,-IL.  is  therefore  trider  than  I.-H,.  The  reader  can  try  to  plot 

^  production 

r^nge  indeed  as  shown  in  Fig.  11-10.  ^ 

fombined  Breaks 

at  a  time  ^hen  a  break  occure,  it  applies  to  one  parameter 

S™'  in  two  or  even 

;;  er  often  occur  simultaneously.  In  fact  a  break  in  one  para- 

-iCr-l]  ^  ^  reduction  in  cost  of 

ella^^es.  ‘  ^^bor  coste  and  thereby  the  interest 

.i-l:  !:he:“;  Wr;  .tT^“ 

The  eases  discussed  above  for  '  i  k  i  K^,  and  increases  to  s^. 

e.  above  for  smgle  breaks  may  in  point  of  fact  be  considered 
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special  cases  of  this  general  problem,  case  1  (a  break  in  c)  being  derived  when  we 
put  jSlj  =  ^25  ^^^2’  ®tC- 

Ourve  1  (prior  to  the  break)  is  described  by 

F,  =  c,  +  |  +  ^i«? 

and  curve  2  (after  the  break)  by 

F,  =  +  I  +  E^Q 

The  relation  between  the  two  optimal  points,  Qj„  and  is 


Q^m  \^2/-^2/ 

and  as  /c  <  1  and  f  >  1,  it  follows  that 

Q^m  ^  Qlm 

If  a  certain  is  not  to  be  exceeded,  then 

^max  =  Cl  +  (on  curve  1) 

^  max  =  C2  +  (o^  CUTVe  2) 

Cl  +  2_Pi^l^l^  ==  Cg  -f  2p2^2$2m 


or 


(%  “h  ^Pl)^lQlm  —  i'^2  “k  ^^P2)^2Q2m 


Substituting  Eq.  11-10, 


%  +  %i 

t^2  +  2jP2 


{vKf 


Special  cases 

1.  A  break  in  c  only:  vk  =  1;  hence  Eq.  11-3. 

2.  A  break  in  K  only:  %  =  f  =  1;  hence  Eqs.  11-4  and  11-5. 

3.  A  break  in  5  only:  Mi  =  u^v^,  k  =  1;  hence  Eq.  11-7. 


(11-10) 


(11-11) 


Summary 

Price  breaks  may  occur  at  certain  production  or  procurement  quantiti^ 
owing  to  improved  production  methods,  to  heavier  expenditure  in  better 
production  aids,  and  to  discounts  in  the  cost  of  materials  (if  bought  in  large 
enough  quantities).  The  total  costs  curve  is  obtained  as  a  combination  of  costs 
curves  prior  to  and  after  the  break,  and  if  this  break  is  abrupt,  the  final  coste 
curve  becomes  discontinuous  at  the  breaking  point.  Effects  of  price  breaks  on 
the  optimal  point  and  on  the  production  range  are  worthy  of  study  so  that  we 
may  determine  when  and  how  to  take  advantage  of  such  breaks.  The  treatment 
in  this  chapter  is  limited  to  those  situations  where  abrupt  breaks  occur  in  the 
cost  of  materials,  in  carrying  costs,  in  preparation  costs,  or  in  combinations  of 
all  these  three  factors. 
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PmMems 

1.  In  the  ease  of  a  break  in  c,  when  condition  1  is  satisfied,  the  interval  a;  to  x  * 
below  Y 1*  (Fig.  11—2).  Show  that  if  hu  is  comparatively  large  * 


7 


where 


Find  the  error  incurred  by  this  approximation  when  Aw  =  3;  5;  lO;  20. 


2.  In  the  case  of  a  discontinuity  in  the  carrying  costs  factor,  when  K  change 

abruptly  from  to  iCj  at  a  certain  quantity  (whOe  s  and  c 

remain  unchanged),  show  that  if  k  =  K^IKi, 


(i) 

(ii) 


+  2k-* 

4"  2 


(Hi)  Prove  that  Yi„<  [not  by  (u)]. 

3.  For  a  b^  in  ^  (Fig.  11-9),  (i)  prove  Eqs.  11-8  and  11-9  in  the  text;  (n)  show 

tliat  Qi„>Q,„;  (Hi)  show  that  Fj„<  ' 

4.  For  tte  ca^of  a  br^  in  c,\8:,  and  a,  ah  occurring  at  «  =  ;r  as  described  in 

Combined.  Breaks,  page  276; 


(1)  ^w  the  total  production  costs  function  when  the  break  occurs 
before  between  and  Q^„;  after 

(u)  If  Fi  is  the  total  cost  d^ribed  by  curve  1  (before  the  break)  and  F, 
IS  the  total  c(^  described  by  curve  2  (after  the  break),  state  under 
what  conditions  T^<  F^  for  any  Q.  Is  it  possible  for  the  two  curves 

to  intersect,  so  that  =  Fg? 

(iii)  Under  what  conditions  is  F*>  F  i* 

(IV)  Suppose  the  condition  for  (Hi)  is  satisfied;  find  the  interval  x  to  x, 
that  would  involve  lower  costs  than  Fj„. 

(v)  What  effect  would  the  break  have  on  the  production  range  if  F,. 
<  i„  and  if  a  certain  should  not  be  exceeded? 

5.  For  a  given  product  it  is  known  that: 


g  =  $5.00 
s  =  $1,500 
K  =  $1.5  X  10-3 


^  ^  ®  ^  ^  to  1.2  X  10-3;  and 

10  X  ^-.OOO.  For  Q  =  4,000  units,  c  reduces  further  to  $3.80;  E  to 

l.u  X  10-3;  and  a  rises  to  $2,500. 


(i)  Plot  the  total  production  costs  function 

(H)  Find  the  production  range  when  p,  =  1.05;  p,  =  l.io,  where  p, 
(m)  economic  production  range  if  the  sales  price  is  given  by  p\ 
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6.  A  store  orders  a  product  for  which  the  following  data  are  given: 

c  =  110.00 
s  =  $2,500 
=20  per  day 

Interest,  i  =  0.25  x  10"®  per  day 

Storage  costs  are  negligible.  The  sales  price  is  fixed  at  20  per  cent  above  the 
minirmim  point  of  total  costs.  Suppose  that  the  rate  of  consumption  increases 
linearly  with  reduction  in  the  sales  price,  and  that  if  the  sales  price  were  to 
reduce  by  10  per  cent,  demand  should  increase  by  20  per  cent. 

If  a  quantity  of  12,000  were  to  be  ordered,  a  break  in  c  would  be  expected 
from  $10.00  to  $8.00. 

(i)  Plot  the  total  costs  function. 

(ii)  Comment  on  the  effect  of  the  break  on  the  point  of  minimum  costs 
and  suggest  a  range  in  which  pi  will  not  exceed  1.06. 
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MACHINE  CAPACITY 


Once  t]i6  producljioii  liavo  "bBcn  asccrt-ain^cd.  (either  hy  definite 

orders  or  through  batch-size  calculations  in  the  case  of  batch  production)  and 
the  operation  sheets  have  been  worked  out,  we  are  in  possession  of  the  basic 
data  required  for  machine  loading  and  scheduling.  We  know  now: 

1.  The  breakdovTi  of  operations  and  the  sequence 

2.  How  long  each  operation  should  take  and  therefore  the  time  required  for 
these  operations  for  the  whole  order  or  batch 

3.  The  type  of  machine  or  process  capable  of  performing  the  required  tasks. 
In  addition  to  these  data  we  must  have  information  about  the  dates  on  which 


ORDER 

NO. 

PRODUCT  ‘ 

25! 

AB/12 

252 

z/esi 

256 

BTV/17 

258 

NT/S6 

260 

AB/8 

2BI 

262 

268 

270 

AB/I5 

:inAN-  WEEKS  _ 

TITY  1  1  2  I  3  I  4  1  5  !  6  1  7  I  8  I  9  ilO  ll]l2  13  14  15jl6  17  18]l9j20 

- r  i  I  ""n —  11 

_ _ _ - — 


Week  no.  1  starts  on  . .  PRODUCTION  PROGRAM 

NO. 

Week  no.  20  ends  on .  — — - — - 

Date  of  issue . - . 

Progress  to  be  marked  on  By - - - - 

Gantt  charts,  form  PPC/20  ch^ecked . — . . 


□  Time  for  design,  delivery 
of  materials  and  fools 

HI  Product  Ion 
mm  End  of  Inspection, 

* - ^  packing,  and  delivery 


Figure  12-1.  ^4  tnrrster  pr€>dmcUon  prog-rmm, 
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be  finished.  This  information  may  he  presented  in  a  graphical 

ao^t  ^  pro^m  (see  for  example.  Pig.  12-1).  Machine  loading  is 

an  attempt  to  match  aU  these  requirements  with  the  avaUable  machine  capacity 
^  a  mac^e  lo^g  card  (Fig.  12-2)  is  very  useful  for  this  purpose.  The  ca^’ 

biliSlfr^’  J^J^s-contains  information  about  the  basic  eapa- 

es  and  specifications  of  the  machine,  data  about  its  performance  in  the  past 


Sti^;rr  T’  ^  appropriate  aUowances, 

^d  details  about  commitments  already  assigned  to  the  machine.  In  determining^ 

o^  rnThrth  times?  What  is  the  effect  of  one 

oSand  ^h  ^  I  ^tricts  the  machine 

Wf  ""1  plant  capacity? 

Ihese.mbnef,  are  the  problems  discussed  in  this  chapter. 

MacMne  Output 

is  proportional  to  the  cycle  time.  If  the  cycle  time 

Tites,  the  theoretical  output  per  machine  (Pig.  12-3)  would  be 

^  60  . 
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Maximum  output  is  therefore  obtained  when  the  cycle  time  is  absolutely  at  its 
minimum  value.  Take  for  example  the  operation  described  in  Fig.  12-4a,  where 
an  operator  is  supervising  one  machine.  Both  the  operator  and  the  machine  are 


T  (min.) 


idle  part  of  the  time.  The  length  of  the  cycle  is  determined  by  the  total  activity 
time,  provided  activities  that  are  carried  out  concurrently  are  aecountei  for 
only  once.  In  our  case  (Fig.  12-4a) 


T  =  0.2  (unloading)  +  0*^  (inspection)  -f  0.4  (loading)  -f-  0.8  (machine 

mnning) 

=  1.8  min. 

and  the  output  would  be 


OPERATOR 
Unloading 
the  work 


Inspecting 
the  work 


Looding 


ynloading 


=  —  =  33.3  units  per  hour 

1.8 


MACHINE 


Unloaded 


OPERATOR 
Unloading 
the  work 


I  Loading 


Loaded 


Inspecting 
the  woric 


Running 


Unloading 


Unloaded 


MACHINE 


Loaded 


;  Rufifiing 


Figure  12-4.  MeducUon  in  c^cle  Ume  by  'Changing  tfee  seqmmMie  of  opermMons* 

(a)  Ordinal  work  cycle  fr=1.8  min. 

(b)  Improved  work  cycle  fF=  1.4  min. 
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cycle  can  obviously  be  shortened  by  transferring  the  task  of  inspection  so 
that  It  IS  earned  out  while  the  machine  is  running  (assuming  the  machine 
requires  only  a  limited  amount  of  supervision  while  running),  as  shown  in  Fig. 
I--4b.  The  cycle  is  now  only  T  =  1.4  min.  long,  and  the  output  is 

60 

=  42.8  units  per  hour 

We  have  not  completely  eliminated  the  idle  time  in  the  cycle  (the  operator  is 
0.^  mm.  idle),  but  the  machine  is  fuUy  busy,  and  the  cycle  time  cannot  be 
reduced  any  further  without  shortening  the  loading  and  unloading  operations 
or  mereasmg  the  sp^  at  which  the  machine  is  running.  The  length  of  the  cycle 
K  therefore  determined  by  the  busy  “partner”  in  the  multiactivity  chart,  and 
that  partner  (the  machine  in  Fig.  12-4b)  causes  the  “bottleneck,” “so  to  speak 
tiiat  restricts  an  increase  in  output. 

Three  pentnis  of  time  in  activity  charts  can  be  classified  as  follows; 

Independent  aciMty,  which  is  performed  by  one  of  the  partners  without  need 
for  aid  or  services  of  another  partner.  Denote  the  independent  activity  per 

cycle  of  the  macliiiie  by  t. 

Concurrent  which  must  be  undertaken  by  several  partnere,  each  con- 

tribntmg  Ms  tune  or  work  to  ensure  that  the  task  wffl  be  successfuny  com¬ 
pleted.  Denote  the  total  length  of  the  concurrent  activity  by  a, 

Idle  ti^  which  signifies  that  one  partner  is  waiting  for  the  other  to  complete 
Im  task  Denote  the  idle  time  per  cycle  by  for  the  operator  and  v'  for 


The  cycle  time  would  be 


T  = 


(12-2) 


men  the  machine  is  the  partner  of  longest  independent  activity  and  has  no 

idle  timCg  the  cycle  becomes 

T  =  a  t  (12-2a) 

which  is  the  case  in  Fig.  12-4b. 

lisS'teW  ^  *  minimmn  ?  Some  common  methods  are 

aertvi^br 

(i)  Changing  the  sequence  of  tasks  (as  in  Fig.  12-4). 

(ii)  Eliminating  delays  at  end  of  cycles 


Machine  Capacity  2^ 


2,  Reduce  the  independent  activity  time  by: 

(i)  Increasing  the  ranning.  speeds,  feeds,  etc. 

(ii)  Selecting  a  better  machine  for  the  Job. 

(iii)  Transferring  a  part  of  the  operations  to  another  machine  or  another 
operator  (see  example  in  Fig.  12-5,  where  the  cycle  is  shortened  by 
relieving  the  operator  from  the  responsibility  for  inspection). 


0 

0.2 

0.4 

0.6 


o  0.8 


:  1.0 


M  1.2 


1.4 

1.6 

1.8 

2.0 


OPERATOR 


Unloading 
the  work 


Inspecting 
the  work 


; 


Unloading 


(a) 


r-: 


Loading  the 
machine 
Clamping  new 
piece  in  jig 

Packing  finish¬ 
ed  component 


fl 


MACHINE 

Unloaded 


Idle 


Loaded 


Running 

Idle 

Unloading 


OPERATOR 


0 

0.2 

0.4 

0.6 

-§0.8 

o 

1.0 


0 

-il.2 


1.4 

1.6 

1.8 

2.0 


Unloading 
the  work 

Loading 

■ 

Clamping  new 
piece  in  jig 

Idle 

Unloading 

(b) 


MACHINE 

Unloaded 

Lcxsded 


1 


Running 

Unloaded 


Figure  12-5.  Reaucfion  in  cycle  time  by  reliering  operator  of  independent  tasks. 

(a)  Original  work  cycle  T=1.8  min. 

(b)  Improved  work  cycle  !F=0.9  mm. 


3.  Reduce  the  concurrent  time  a  by: 

(i)  Using  better  methods  and  Jigs  for  feeding  the  -work  to  the  macMne, 

for  loading  and  setting. 

(ii)  Setting  the  work  and  carrying  out  most  of  the  preparatory  tasks  while 
the  machine  is  runmng. 

(iii)  Ejecting  automaticaUy  the  finished  work  from  the  machine. 

The  actual  output  Q  tends  to  faU  below  the  theoretical  figure  because  o£ 
time  lost  in  delays  between  cycles,  adjustments,  repairs,  breakdoTOS,  etc.,  so 


Figure  12-6.  Actual  output  Q 
in  relation  to  the  theoretieml 
output 
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tliat  Q  =  where  0  <  x  <  1  is  a  coefficient  that  describes  quantitatively 
the  discrepancy  between  the  theoretical  and  actual  output  figures.  Very 
often  we  find  that  the  factor  x  is  dependent  on  the  cycle  time  (see  Fig.  12~6), 
»  that  when  the  cycle  is,  say,  halved,  the  output  does  not  quite  double. 


Aten  Machine 


Man  Machines 
1  2  3 


Three  machines 


Man  Machines 


12  3  4 


Four  machines 


5 


F^iire'  12-1. 


Lcxxiing  and  unloading 
Machine  running 
Idle  time 


Assiffmimg  tmm,  three,  or  /otir  machines  to  one  operator. 


Multimacliliie  Suj^rfMon  by  One  Operator 

When  a  machine  performs  an  operation  automatically,  so  that  only  a  limited 
amount  of  attention  on  the  part  of  the  operator  is  required  (such  as  loa  ding  the 
machine,  unloading,  inspection,  setting,  and  adjustments),  it  is  sometimes 
pcKsible  to  put  scTeral  machines  under  the  care  of  one  operator.  The  operator 
and  the  machines  form  a  production  center,  and  the  tasks  of  the  operator  are 
carried  out  in  accordance  with  a  certain  sequence  that  ensures  maximum 
utilization  of  the  production  cycle. 

Q>nsider  the  foUowing  example:  An  operator  is  busy  loading  a  machine  for 
0.5  min.  and  unloading  for  0.5  min.  Between  these  two  operations,  the  machine 
is  nmning  for  2.0  min.  How  many  machines  could  this  operator  supervise? 
The  total  direct  preparation  time  of  the  operator  is  1.0  min.,  which  is  one-third 
of  the  total  cycle  time.  If  we  a^ign  two  machines  to  the  operator,  he  will  be  idle 
a  third  of  the  time;  if  we  assign  four  machines,  each  machine  wiU  be  idle  a 
quarter  of  the  time;  with  three  machines  we  get  perfect  matching,  no  idle  time 
being  incurred  either  on  the  part  of  the  operator  or  the  machines  (Fig.  12-7). 
Perfect  matching,  however,  is  not  always  possible;  as,  for  example,  when  the 
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ratio  of  direct  preparation  time  to  running  time  is  1. 0:2.5.  In  tins  case,  operator 
idle  time  is  incurred  when  the  number  of  machines  is  two  or  three,  while  with 
four  machines,  the  operator  is  fully  occupied,  but  we  get  machine  idle  time. 

In  general  terms,  when  the  machine  time  is  t  and  preparation  time  is  a,  the 
total  cycle  time  is  T  =  a  +  t,  and  the  number  of  machines  that  should  be  allo¬ 
cated  to  one  operator  (assuming  all  the  machmes  require  the  same  preparation 
time  and  have  the  same  running  time)  is 


a  t 
a 


(1^) 


If  we  select  n'  machines,  there  would  be  neither  man  nor  machine  idle  time,  but 

when  7i'  is  not  a  whole  number  and  we  have  to  select  either  n  or  n  -j-  1  machines, 

where  ^  ^  i  i 

n  <n  <  ti  +  1 


perfect  matching  is  not  possible.  The  choice  between  n  and  ?i  ^  1  machiiies 
would  be  governed  by  cost  analysis  of  the  operation. 

Let  be  the  cost  of  labor  per  operator  hour  and  the  cost  per  maehiiie  hour. 
Suppose  we  choose  n  machines:  The  total  cost  per  hour  is  Since  the 

output  per  machine  is  60/ (a  -{-  units  per  hour,  the  cost  per  unit  is 


Cq  +  nc^  _  ^  „V77  (12-t) 

60/{a  +  t)n  60i 


Where  y„  is  the  cost  per  unit  when  n  machines  are  chosen,  and  t  is  the 

ratio  between  labor  and  machine  costs. 

When  71+1  machines  are  chosen,  the  total  cost  of  the  operation  is 
+-  (72,  +  l)c„.  The  cycle  time  is  now  (72  +  l)a,  since  the  operator  is  fully  occupied 
and  the  machines  have  to  wait  their  turn  until  his  services  become  available. 
The  output  per  machine  is  60/[(72  +  l)a]  units  per  hour,  and  the  cost  per  umt 
is  therefore 

V  =  Co  +  («-  +  l)c^  =  5^  (g  +  M  +  1)0  (12^) 

”  +  "  [60/(72  +  l}a](72  +  1)  60 

„  y„  €  +  72  T  1 

=  e  +  72  +  1  a  72 


But 


■a 

Jn  ^  g  ^  ^  (12-i) 

€  +  n-^ln 


>  1,  choose  fi  +  1  machines 

+  1 
'V' 

<'  1  choose  fi  machines 


When 


f?88  Pfidudimi  Planning  and  Caidrol 


The  relation  =  1  is  shown  in  Fig.  12-8^  where  7i'  is  plotted  against 

e  with  H  as  a  parameter,  so  that  for  known  values  of  and  e,  the  appropriate 
number  of  machmes  to  be  allotted  to  one  operator  is  indicated.  If,  for  example, 
fl  =  1.2  min.,  T  =  6.9  min.  (hence  n'  =  5.75],  the  number  of  machines  to  be 
alotted  would  be  five  when  €  =  0.8,  but  six  when  e  =  5.5.  The  curves  in  Fig. 
12-8  are  rather  flat,  w^hich  means  that  the  solution  is  quite  insensitive  to  changes 
in  €.  Since  the  allocation  of  several  machines  to  one  operator  affects  the  organiza¬ 
tion  and  layout  of  the  production  centers,  it  is  important  to  know  that  when 
changes  in  the  cost  of  labor  or  cost  of  operating  machines  occur,  they  are  not 
likely  to  affect  the  number  of  machines  allocated. 


Figure  12-8.  Allocation  of  a  number 
of  macMn'es  to  one  operator  (under 
deterministic  conditions). 


The  amount  of  relative  idle  time  resulting  from  selection  of  w  or  %  +  1 
machines  can  easily  be  calculated.  When  m  machines  are  chosen, 

Operator  idle  time  =  cycle  time  —  operator  time  =  T  —  7ia 

and  in  relation  to  the  cycle  it  is 

T  —  7m  _  a  ^  n 


Vi  hen  M  I  machines  are  chosen,  the  operator  is  fully  busy  and  each  machine 
is  idle  (/!  —  1  )o  —  r  each  cycle,  the  relative  idle  time  for  each  machine  is 


T 


(h  —  l)a  —  T 


=  («  + 1) 


» + 1\ 
n'  ) 
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The  two  expressions  for  ig  and  v  ar®  similar  and  could  be  combined  into 


(12-7) 


where  n  now  signifies  the  number  of  machines  selected.  If  w  <  w  machines  are 
taken,  i  ^  o  is  the  operator  idle  time;  if  n  ^  n'  are  taken,  i  <  o  is  the  machine 
idle  time.  Figure  12-9  shows  ij  T. 


Figure  12-9.  Relative  idle  time  lehen  assigning  n  machines 
to  one  operator. 


This  simplified  analysis  does  not  make  allowances  for  several  noteworthy 

faetore, 

1.  Operator  walking  time  from  one  macbine  to  another. 

2.  Operator  additional  independent  duties,  such  as: 

(i)  Inspection  of  machines 

(ii)  Inspection  of  the  product  (the  time  required  depending  on  the  outpu 
and  the  inspection  method) 

(iii)  Subsequent  treatment  to  the  work  (removing  machimng  marks, 
polishing,  greasing,  matching  or  assembhng  several  components) 

(iw)  Packing 

(v)  Transportation  of  w^ork  to  and  from  the  production  center 
(Yi)  Personal  allowances 
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3.  Machine  interference:  When  the  elements  of  the  cycle  are  not  deterministic 
but  liable  to  random  changes,  perfect  matching  is  virtually  impossible,  and 
deviations  of  operational  t,imes  from  the  rigid  cycle  timetable  cause  the  machines 
to  '‘interfere”  with  each  other. 

These  factors  may  increase  the  independent  activity  time  very  appreciably, 
and  in  as  much  as  the  cycle  time  thereby  increases,  the  output  is  adversely 
affected. 

An  allowance  for  an  operator’s  independent  activities  (such  as  walking  between 
machines,  additional  duties,  or  even  relaxation  time)  can  be  accounted  for 
without  great  difficulty.  Suppose  these  activities  amount  to  b  minutes  per 
machine,  in  addition  to  the  concurrent  activity  a.  The  machine  work  cycle  is 
a  1,  but  the  operator  s  total  activity  per  machine  is  a  +  6;  hence  the  number 
of  machines  for  perfect  matching  is 


a  t 
a  -|—  b 


(12-8) 


When  «'  is  not  a  whole  number,  its  two  neighboring  whole  numbers  may  be 

considered,  namely, 

n  <  <  »  -f  1 

By  foilO'Wing  the  same  procedure  adopted  above,  we  find  that  the  cost  per  unit 
when  n  machines  are  selected  Is  again 

and  in  the  case  of  a  +  1  machines, 

=  +  i)(n  -f  b) 

Hence,  again 


_  €  + »  »' 


as  in  Eq.  12--05  except  that  now  the  new  definition  for  n'  given  by  Eq.  12— B 
applies. 

An  operator  may  be  asked  to  supervi^  nonidentical  machines,  i.e.,  machines 
that  differ  in  the  amount  of  time  require  for  preparation,  loading  and  unloading, 
and  in  the  iimning  time.  An  example  for  perfect  matching  of  operator  time  and 
machine  time,  when  the  operator  is  supervising  three  nonidentical  machines,  is 
shown  in  Eig.  12-10.  It  is  evident  from  this  multiactivity  chart  that: 

1.  In  Older  to  avoid  machine  idle  time,  the  cycle  times  for  the  machines  must 
be  the^same,  and  they  must  be  longer  than  the  operator’s  work  cycle.  These  two 
conditions  may  he  expre^ed  as 

z=  =  %  +  li  =  %  +  4  =  +  4)  =  P 


^  ^  +  03 


Machine 


2.  In  order  to  avoid  operator  idle  time, 

“1“  ~i~  ^  ^ 


Hence,  for  perfect  matching  of  n  machines  and  one  operator  we  must  have 

a 


T,=  T,==--- 

Operator  Machines 


T^=T=2a  (12-9) 

1 


Figtire  12-iO.  Asmgwmmg  three  wn- 

identical  machines  to  one  operator  for 
perfect  matching  beticeen  operator 
and  machines-  work  cgcles. 


This,  incidentally,  is  similar  to  the  condition  we  have  to  satisfy  for  j«rfeet 
matching  of  a  multiprodnct  production  schedule  (CHiapter  14).  If  j^rfect  match¬ 
ing  cannot  he  achieved,  and  we  have  to  choose  between  alignment  of  h  machines 
or  »  +  1  machines  to  one  operator,  the  matter  has  to  be  considered  ftom  the 
point  of  view  of  cost,  since  in  the  case  of  n  machines  the  operator  is  Idle  part  of 

n 

the  time  (his  idle  time  being  T  —  2a  minutes  per  cycle),  while  in  the  of 
n  ^  I  machines,  the  operator  is  foUy  occupied,  but  machine  idle  time  is  incurred 

H  +i 

(each  machine  being  2  a  —  T  minutes  idle  per  cycle). 

1 

Machine  Interference® 

When  the  machine  cycle  time  is  deterministic,  and  provide!  the  number  of 
identical  machines,  n  per  operator,  is  such  that  T  >  na,  the  output  of  the 
production  center  will  increase  hneariy  with  the  number  of  machines.  Automatic 
machines  usually  have  a  fairly  constant  running  time  I,  since  the  speed  a.nd  the 
automatic  stop  at  the  end  of  the  operation  control  the  ninning  time  within  ver^ 

*  This  section  may  be  omitted  at  first  iN^ding. 
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close  limits.  The  operator  s  time,  a,  however,  is  subject  to  some  variations, 
depending  on  the  pace  at  which  the  operator  chooses  to  work,  so  that  the  total 
cycle  time  T  =  a  +  t  will  be  affected  accordingly.  This  may  mean  that  the  cycle 
time  differs  for  different  machines;  also  that  it  may  differ  for  the  same  in 

different  cycles.  If  the  number  of  machines  is  selected  for  perfect  matching  (or 
nearly  perfect  matching)  based  on  the  average  cycle  time  T,  we  may  very  often 
get  a  situation  where  a  machine  has  finished  its  task  and  has  to  wait  for  the 
operator,  who  has  not  quite  finished  his  job  on  another  machine.  The  first 
machine  is  therefore  idle.  It  has  to  wait  merely  because  of  the  variations  in  the 
cycle  time.  The  machines  are,  so  to  speak,  “interfering”  with  each  other  during 
parts  of  the  cycle,  and  this  interference  adversely  affects  the  output  of  the  center. 
The  larger  the  variations  in  the  cycle  time  and  the  larger  the  number  of  machines, 
the  more  interference  can  be  expected. 

A  similar  situation  occurs  in  the  case  of  semiautomatic  machines,  which  can 
run  and  perform  their  task  without  requiring  the  constant  attendance  of  the 
operator.  But  every  now  and  then  the  machine  stops  and  demands  attention. 
Looms  are  a  common  example  for  machines  of  this  type,  where  the  machine 
may  stop,  owing  to  several  reasons  (such  as  a  break  in  the  thread  or  end  of  a 
cop).  The  time  spent  by  the  operator  at  the  machine  depends  on  the  kind  of 
repair  or  semee  he  has  to  give  to  the  machine.  Here,  again,  some  machines 
may  be  waiting  for  the  operator's  services,  who  is  then  engaged,  while  at  other 
times  the  operator  may  be  idle,  waiting  for  one  of  the  machines  to  require  his 
attention.  This  leads  to  a  host  of  problems,  such  as:  how  many  machine  to 
allocate  to  one  operator,  how  to  determine  the  average  waiting  time  of  a  machine, 
how  to  calculate  the  cycle  time  and  thereby  the  expected  output,  and  how  to 
determine  the  optimal  procedure  for  repairs  (of  several  waiting  machines 
should  short  repairs  be  tackled  first?).  It  is  not  difficult  to  see  that  these  problems 
are  eoi^on  to  other  situations  where  customers  require  the  attention  of  servers 
or  service  stations.  For  example: 

Operators  go  to  the  store  to  obtain  from  the  servers  (=  storemen)  tools  or 

materials. 

Various  departments  obtain  machine  components  from  a  centralized 
rittop. 

Customers  buying  stamps  or  sending  parcels  at  a  post  office. 

Customers  buying  tickets  at  box  offices  (=  servers). 

Ships  come  to  a  harbor  having  a  limited  number  of  berths  ( =  servers). 

In  each  of  these  situations  there  is  random  arrival  of  customers,  involving 
varymg  service  times,  which  depend  on  the  kind  of  attention  these  customers 
require.  Interference  occurs  when  a  customer  caimot  get  immediate  attention  and 
has  to  wait  for  a  server  to  become  free,  and  if  more  than  one  customer  demands 
tffis  senuce,  a  queue  is  formed.  The  problem  of  scheduling- orders  which  arrive 
at  random  is  further  discussed  in  the  next  chapter. 

In  the  ease  of  assignment  of  n  semiautomatic  machines  to  one  operator,  the 
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interference  increases  not  only  with  the  number  of  machines  but  also  with  the 
proportion  of  attention  time  received  per  cycle.  Thus,  when  ajt  increases,  inter¬ 
ference  increases  and  causes  the  output  to  fall.  The  operator  s  attention  time  a 
may  depend  on  two  factors: 

1.  The  type  of  repair  or  service 

2-  The  operator,  his  skill,  training,  and  incentive  to  perform  the  Job 
The  Ashcroft  tables 

The  research  of  H.  Ashcroft  on  the  productivity  of  several  machines  under  the 
care  of  one  operator  (1950)  has  greatly  contributed  to  our  knowledge  in  this 
field,  and  Ms  tables  facilitate  quick  calculations  of  the  efficiency  of  the  machines 


and  their  output, 


when  the  ratio  - 
t 


( 


attention  time' 
machine  time, 


is  known. 


Ashcroffc  made  the  following  assumptions  in  connection  with  Ms  tables: 

1.  Machines  stop  and  demand  attention  at  random.  The  probability  of  a 
machine  stopping  in  the  future  is  independent  of  the  time  that  elapsed  since  the 
last  time  the  machine  received  attention. 

2.  The  service  time  of  the  operator  is  constant, 

^N^eedless  to  emphasize,  these  assumptions  are  seldom  justified  in  practice.  If  a 
machme  stops  and  the  cause  for  the  breakdown  is  removed,  one  would  expect 
the  machine  to  operate  satisfactorily  for  some  time  before  stopping  again.  In 
other  words,  there  should  be  some  sort  of  dependency  of  the  frequency  of 
stoppages  on  the  current  running  time  of  the  machine.  If,  on  the  other  hand, 
many  causes  are  responsible  for  stoppages  and  indicate  the  suggested  indepen¬ 
dency,  the  second  assumption  could  hardly  be  justified,  since  with  different 
causes  one  w^ould  expect  an  inherent  difference  between  the  times  required  for 
servicing  (apart  from  the  variability  that  occurs  for  any  one  particular  cause, 
due  to  inconsistencies  in  operators’  performance). 

Thus,  it  could  be  argued  that  in  most  situations  the  assumptions  suggested 
by  Ashcroft  are  not  valid,  and  that,  moreover,  there  is  a  certain  degr^  of 
incompatibility  between  the  two  assumptions.  It  has  often  been  found,  however, 
that  Ms  tables  are  very  valuable  in  providing  good  approximations  in  cases 
where  reality  is  not  appreciably  different  from  Ms  suggested  m'Odel. 

If  machines  stop  at  random,  and  if  future  stoppages  are  independent  of  the 
last  attention  they  received,  then  the  probability  that  a  machine  will  continue  to 
ran  for  a  period  t  is  where  k  is  a  coefficient  depending  on  the  number  of 
machines.  In  the  case  of  two  machines  where  one  macMne  will  be  running 
while  the  other  is  being  attended  to  by  the  operator,  the  probability  is 
where  p  =  a  jt  is  the  ratio  of  attention  time  to  machine  running  time  (not  to  be 
confused  with  the  ratio  p  defined  in  Chapter  10).  The  probabihty  that  the  second 
macMne  stops  is  1  —  (since  the  second  machine  must  be  either  running  or 
stopping,  the  probability  of  the  two  events  occurriiig  has  to  be  1). 
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AYerage  namber  of  coasecutiYe  servicing  tasks 
Wkat  is  the  average  miinber  of  consecutive  servicing  tasks  or  repairs,  Xg,  that 
the  operator  has  to  perform  when  supervising  two  machines?  After  he  attends 
to  one  machine,  there  may  be  two  situations: 

1.  Ihe  other  machine  may  stili  be  running,  in  which  case  the  number  of 
consecutive  tasks  is  1  (being  the  service  that  he  has  just  completed). 

2.  The  other  machine  may  have  stopped  in  the  meantime,  so  that  the  operator 
is  faced  with  a  second  Job  waiting  for  him.  But  as  the  occurrence  of  machine 
stoppage  is  a  random  one,  the  operator  is  now  placed  in  precisely  the  same 
position  as  when  he  was  engaged  on  the  first  job,  i.e.,  when  he  finishes  this 
mx>nd  job,  the  first  machine  may  still  be  running  (in  which  case  the  chain  of 
consecutive  tasks  is  terminated),  or  it  may  have  stopped  while  the  second  task 
was  perform^  fin  which  case  the  operator  will  have  a  third  task  to  tackle),  and 
so  on.  In  other  words,  when  the  chain  of  operator  tasks  is  not  terminated  after 
the  fimt  task,  the  average  number  of  consecutive  tasks  would  be  Zg.  But  as  the 
prohabilty  of  second  machine  stopping  while  the  first  one  is  attended  to  is 
1  —  e~^,  the  average  number  of  tasks  for  this  ease  w^ould  be  Zgfl  —  e~P). 

Situation  1  always  occure,  since  whenever  there  is  a  chain  of  tasks  for  the 
operator,  there  must^  necessarily  be  at  least  one  task  in  this  chain  (otherwise, 
there  is  no  chain).  The  amount  Z^fl  —  for  situation  2  denotes  the  addi¬ 
tional  average  number  of  tasks.  The  total  average  number  of  consecutive  tasks 
is  therefore 

Zg  =  1  -|-  Zg{l  — 

or  Zg  =  (12-10) 

Let  us  now  examine  the  case  of  an  operator  supervising  three  machines,  the 
average  number  of  operator  consecutive  servicing  tasks  being  Z3.  Suppose  the 
operator  is  called  upon  to  service  one  machine.  When  his  task  is  completed,  he 
may  be  faced  with  the  foflowing  situations: 

1.  The  otoer  two  machine  are  stil  running,  in  which  case  his  chain  of  tasks 
would  consist  of  one  task  only. 

2.  Machine  2  has  ^pped  and  demands  attention.  The  operator  is  faced 
precisely  -with  same  situation  as  before  the  first,  machine  stopped,  namely,  the 
average  number  of  tasks  he  has  to  expect  is  X,.  But  how  often  would  this 
situation  occur?  The  probability  of  the  second  machine  stopping  while  the  third 
IS  still  running  is  (1  -  e-*>)e-3>;  therefore  the  average  number  of  tasks  to  be 
expected  in  this  case  is  Zgfl  — 

3.  Machine  3  has  stopped  and  demands  attention.  The  number  of  tasks  on 
the  average  awaiting  the  operator  is  the  same  as  in  situation  2,  namely 

4  ^th  machines  2  and  3  have  stopped.  As  the  operator  can  handle  only  one 
machine  at  a  time,  and  as  all  machines  are  assumed  to  be  identical,  he  may 
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disregard  the  third  machine.  He  may  proceed  to  attend  to  the  second  macMne, 
and  should  the  first  one  stop  in  the  meantime,  he  would  return  to  the  first  one. 
In  short,  he  would  act  precisely  as  though  he  were  in  charge  of  only  two  machines, 
the  number  of  tasks  on  the  average  that  he  has  to  expect  being  X^.  When  even¬ 
tually  he  gets  the  first  two  machines  running,  he  can  turn  his  attention  to  the 
third  machine.  But  now  the  situation  is  reduced  to  one  machine  demanding 
attention  while  two  are  running;  in  other  w^ords  this  is  the  original  situation  of  a 
three-machine  system  where  the  average  number  of  consecutive  tasks  expected 
is  X3.  The  total  number  of  tasks  for  situation  4  is  therefore  X<^  +  Xg.  The  proba¬ 
bility  of  a  machine  stopping  is  1  —  hence  the  probability  of  two  machine 
stopping  is  (1  —  so  that  the  average  number  of  consecutive  operator 

tasks  for  situation  4  is  (X2  +  X3)(l  — 

Situation  1  always  occurs.  The  additional  average  number  of  tasks  is  described 
by  situations  2,  3,  and  4,  and  if  we  substitute  Xg  =  c*’,  we  get 

X3  =  1  +  2X3(1  -  +  ^z){l  - 


or  X3  =  1  +  X3(l  -  e-P){2e-^  +  1  -  +  e^l  - 

=  1  -f  X3(l  -  e-^^)  +  2 + 

X3  =  6^'^  —  +  e*’  (12-11) 

Ashcroft  has  shown  that  this  expression  can  be  written  in  the  following  form: 

X3  -  2X2  +  1  =  {e^  1)(«^^  ”  1)  (12-12) 

Similarly,  for  four  machines, 

X4  -  3X3  -f  3X2  -  1  =  {e^  - 

and  so  on. 

The  coefficients  of  the  X’s  on  the  left-hand  side  of  these  equations  reminds  one 
of  Pascal’s  triangle.  The  values  for  X  can  he  progressively  calculated  so  that 
vs^hen  all  the  values  up  to  X„  are  known,  we  can  proceed  to  calculate  X„  + 1,  and 
so  on. 


The  Ashcroft  number® 

The  Ashcroft  number  is  defined  as  the  average  number  of  effective  (  = 
running)  machine  hours  per  hour,  when  n  machines  are  assigned  to  the  su^t- 
vision  of  one  operator;  in  other  words,  the  Ashcroft  number  is  a  m^um  of  the 
expected  output  of  the  n  machines.  The  number  A„  can  be  expressed  m  terms  of 

Xyj  as  follows: 

This  section  may  be  omitted  at  first  reading. 
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Tie  average  iiiimber  of  consecutive  operator  tasks  is  If  each  task  lasts 
A  iouis,  tie  operator  is  busy  on  the  average  X„A  hours  at  a  time,  during  which 
some  machines  are  nonproductive.  Between  these  “chains’’  of  tasks,  the  operator 
waits  for  a  customer  to  demand  service,  and  as  long  as  he  waits,  all  the  machines 
are  raiming.  Suppose  the  number  of  times  a  machine  stops  (on  the  average)  is 
m  per  machine  runiimg  hour.  This  would  mean  that  the  average  length  of  a 
ninning  f^riod  f between  machine  stoppages)  would  be  1/m  hours.  As  there  are  n 
machines  (ail  assumed  to  be  identical),  each  one  stopping  m  times  per  machine 


0.01  0.02  0.03  0.05  0.080.1  0.2 

p= cycle  ratio  a/t 
(a|  n  =  1  fo  10 


0.3  04  0.6  0.8  1 


All  curves  asymptotic 
to  line  A  =  l/p 


Average  number  of 
machine  running 
hours  per  hour 
(n  =  ll  to  20) 
n  =  number  of  machines 
in  care  of  one  operator 


Figure  12-11.  The  Ashcroft  number.  (Reproduced  by  permission 
Proiuctand  Probability,  by  T.  F.  O’Connor,  Manchesto! Engl^d“ 

Emmott  &  Co.  Li4.,  1952) 
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hour,  the  average  length  of  the  interval  in  which  all  the  machines  are  running 
would  be  (1/m)  -t  n,  or  l/m?i!.  hours. 

The  operator,  therefore,  has  an  average  service  interval  of  hours  followed 
by  an  average  idle  interval  of  Hmn  hours,  so  that  the  ‘‘cycle”  is  Z„A  +  1/^^^ 
long,  of  which  Ijmn  is  the  effective  machine  running  time. 

The  ratio  of  service  time  to  effective  machine  time  was  defined  as  But  as  a 
machine  stops  m  times  per  machine  running  hour,  and  each  stop  would  necessi¬ 
tate  A  hours  of  immediate  attention  before  it  can  run  again,  therefore 

p  =  Am  (12—14) 

Since  the  average  number  of  running  machines  is  the  proportion  of  service 
time  per  hour  is  Therefore 

j  _ _ X^A _ 

“  X„A  +  (l/mu) 


j>  +  (llX„X)(llmn)p 


but  since  p  ==  mX, 


p  4"  (IfnXn) 


{12-15} 


and  this  is  the  formula  on  which  the  Ashcroft  tables  are  based,  since  X^^  can  be 
found  for  any  given  n  and  p.  Values  for  are  also  shown  in  Fig.  12-11. 


Example 

Given  p  =  0.18;  output  per  machine  is  100  units  per  running  hour.  The  ideal 
number  of  machines  per  operator  is 


n 


a  t  1  +  1-18 


p 


^  =  6.56 

0.18 


From  the  tables  we  find  the  corresponding  values  of  A^  as  follows; 


Output  {units  per  hour) 

AJn  100 

0.85 

85 

85 

1.67 

167 

83.5 

2.48 

248 

82.7 

3.22 

322 

80.5 

3.90 

390 

78.0 

4.48 

448 

74.7 

These  results  are  shown  in  Fig.  12-12. 

The  last  column  in  the  accompanying  table  gives  the  efficiency  of  the  pro¬ 
duction  center.  The  maximum  output  is  attained  when  all  n  machines  are 
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always  raiming,  and  siiic»  tlie  macMnes  are  a^umed  to  be  identical,  the  maxi- 
miiin  output  is  n  times  the  machine  output,  whereas  the  actual  output  is  only 
the  machine  output.  The  productive  efficiency  is  therefore  AJn. 


Figure  12-12.  Examples  showing  the 
effect  of  machine  interference  on  out-- 
put  and  efficiency* 


Balancmg 

If  a  product  has  to  undergo  a  ^quence  of  operations  through  several  machines, 
each  stage  invoiving  a  certain  amount  of  concurrent  activity  a  and  machine 
nmiiing  time  f,  the  output  would  be  the  same  for  all  stages  when  the  total  cycle 
time,  a  — - 1,  |»r  stage  is  the  same  throughout.  In  other  words  we  get  perfect 
matcMng  of  the  stag^  in  the  sequence.  In  practice,  however,  the  operation  times 
vaiT  in  length,  so  that  some  machines  manage  to  cope  more  quickly  than  others 
with  the  Job  on  the  Mne.  If  one  machine  has  a  higher  output  than  the  one 
succeeding  it  in  the  sequence,  com|K>nente  will  obviously  accumulate  at  the 
input  to  the  ^cond  machine  and  form  a  queue,  and  if  the  first  machine  goes  on 
produch^,  the  queue  wil  constantly  increase  in  length.  If,  on  the  other  hand,  the 
first  machine  is  slower  than  the  second,  there  will  be  no  queue  in  front  of  the 
seeond^  machine,  which  wffl,  in  fact,  have  to  be  idle  part  of  the  time  and  run 
Intemiittently  whenever  a  component  is  available  to  be  fed  into  the  machine. 
Through  necessity,  therefore,  the  second  machine  adjusts  its  cycle  time  to  that 
of  the  first  machine,  unless  of  course  we  allow"  the  first  machine  to  run  for  some 
time  and  build  up  a  stock  of  components  at  its  output  end  before  the  second 
machine  starts  oj^rating.  If  the  output  of  one  stage  is  directly  fed  into  the  next 
one  on  the  line,  or  if  the  pile  of  eomponente  at  the  input  end  is  to  be  kept  at 
a  constant  level,  the  pace”  or  output  of  the  Mne  is  determined  by  the  slowest 
machine.  The  problem  of  machine  balancing  is  that  of  equaMzing  the  idle  times 
at  the  different  stages  on  the  line  and  matching,  or  balancmg,  the  outputs. 
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Example 

Take  the  example  shown  in  Table  12-3,  in  which  a  product  has  to  undergo  20 
stages  in  the  production  sequence.  At  each  stage  the  operation  is  carried  out  on 
one  machine,  involving  a  certain  operation  time  T  =  a  +  t,  where  a  is  the 
preparation  time  (which  is  a  concurrent  activity  for  the  operator  and  the  machine) 
and  t  is  the  machine  time.  The  operation  times  differ  at  the  various  stages, 
ranging  from  0.6  minutes  to  10.0  minutes,  and  the  “pace”  or  the  cycle  time  for 


Time  scale 


Time  scale 
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T=10.0  min. 
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1=4.8  min. 
25  machines 


Figure  12-13.  Effect  of  hatancing 
on  numher  of  machines  required. 
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27 1 
281 

18  291 

19  30 1 
3l[ 
321 


17  ' 


20 


T=3.0  min. 
32  rnochines 


this  line  is  the  longest  time  (namely,  10.0  minutes),  if  only  one  machine  is 
allocated  to  each  stage.  This  is  shown  in  Fig.  12-13.  The  machine  at  stage  9, 
which  requires  10.0  minutes,  is  fully  occupied,  but  there  is  idle  time  at  ail  the 

other  stages.  Stage  9  is  therefore  the  “bottleneck,”  and  if  we  want  to  speed  up 
production,  we  have  to  assign  another  machine  to  this  stage.  With  two  machines 
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at  Htage  9  we  can  produce  two  unitn  [hu*  10. 0  rniiititcH;  thiiH  Mm^  l  ime  (h*!*  oiiit  i,M 
reduced  to  5.0  miniit(‘.M.  The  n(^xt  '1)oi4J(‘n(‘(^k’’  m  0,  />,  tln-n 

stage  4,  etc. 

Tabic  I  Z  ;> 


Operation 

JM((  chine 

lOriHcrallon 

'I'a/al  Op,  g'inie 

T 

Time,  {t 
■min.) 

Time  {a 
■min.) 

{T  a  1  /) 

n* 

t! 

1 

2.8 

0.2 

3.0 

15 

2 

1.9 

0.3 

2.2 

7.3 

3 

0.9 

0,1 

1.0 

10 

4 

6.2 

0.4 

6.6 

16.5 

5 

6,5 

0.5 

7.0 

14 

6 

8.5 

0.5 

9.0 

18 

7 

0.5 

0.1 

0.6 

6 

8 

0.8 

0.2 

1.0 

5 

9 

9.6 

0.4 

10.0 

25 

10 

0.4 

0.2 

0.6 

3 

11 

0.9 

O.I 

1.0 

10 

12 

1.3 

0.1 

1.4 

14 

13 

4.6 

0.2 

4.8 

24 

14 

2.2 

0.2 

2.4 

12 

15 

2.6 

0.2 

2.8 

14 

16 

2.4 

0.2 

2.6 

13 

17 

3.0 

0.6 

3.6 

0 

18 

1.8 

0.2 

2.0 

10 

19 

1.5 

0.5 

2.0 

4 

20 

4.0 

0.2 

•1.2 

21, 

Total 

62.4 

5.^1 

67.8 

want  the  cycle  tinic!  to  bcs  4.H  ininuiiCH  ((!()t'i'eHp(>n(liii|./  to  the  tlm(v 
required  by  stage  13).  The  number  of  macdu'ncNS  n^cpiin^d  (or  tlu^  (init  tbn^t^  fd4ig(%s 
remains  at  1  machine  per  stage,  ])ut  at  stag(‘.  4  w(^  nood  2  ma,<5biiH^fi;  2  at  H(ug(^ 
5,  2  at  stage  6,  3  at  stage  9;  etc.  Tlics  t{)tal  number  of"  ma/ctiiju^H  now  t'(‘(juh'(^(l 
isn  =  25,  compared  with  ri  20  originally  planmni,  but  tlu^  tota-I  amount  of 
idle  time  is  considerably  reduced.  For  eyelet  tiim^  T  1 0.0,  tb(^  toluJ  macdiitie, 
time  available  per  cycle  is  -  20  x  10  200  min.  T\w.  totaJ  ofsa-ation  tirm^  is 

S(a  +  0  =  ^7.8  min.;  thus  the  efficuuujy  of  tlu^  (;ycl(‘-  is'< 


^(^a  "I”  t) 
nT 


100 


07.8 

200 


100 


and  the  output  of  the  line  is  60/10.0  =  6  units  per  hour.  But  wluui  the  c.yelct  time 
is  reduced  to  4.8  minutes,  the  efficiency  of  the  cycle  is 


67.8 

25  X  4.8 


56.6% 


discussion  offioioncy  is  dofinod  „,s  ,.a|,io  of  r.uMduno 

encvls  concurrent  activity)  to  total  cycle  time.  In  „<„„c  .midicutionH  cni<.,i.. 

ency  is  defined  as  the  ratio  of  machine  running  time  to  total  cycle  n'nie. 
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and  the  output  of  th<‘  liiu!  is  60/4.8  ==  12.6  units  per  hour.  If  we  reduce  the  cycle 
time  even  further  to  T  3.0  min.  (see  Fig.  12-13),  the  number  of  machines 
required  increases  to  32,  the  efficiency  to  70.(5%,  and  the  output  to  20  units  per 
hour.  The  number  of  machines  required  at  each  stage  as  the  balancing  process 
continues  is  shown  in  Table  12-4  for  some  selected  values  of  cycle  time.  The 
change  in  number  of  machines  and  in  efficiency  is  shown  in  Fig.  12-14,  which  is 


Figure  12-14.  Effect  of  balancing  on  the  number  of  required  machines  and  on 
the  time  efficiency  of  the  line.  (Calculated  at  intervals  of  0.2  min.  for  T>1.0  mm. 
and  intervals  of  0.1  min.  for  T  <  1.0  min.) 


based  on  calculations  at  intervals  of  0.2  minutes  in  the  cycle  time.  The  number  of 
machines  naturally  increases  very  rapidly  at  the  lower  end  of  the  cycle  time 
range,  and  so  does  the  theoretical  line  output.  When  the  cycle  time  coincides 
with  the  highest  common  factor  of  all  the  operation  times  (which  in  our  case  is 
0.2  minute),  all  the  machines  should  theoretically  be  busy  all  the  time.  In 
practice,  obviously,  this  ideal  situation  is  not  so  easily  attainable,  since  opera¬ 
tion  times  are  liable  to  variations,  especially  when  part  of  the  cycle  is  dependent 
on  the  behavior  and  effort  of  the  operator . 

Variation  of  time  efficiency 

It  is  important  to  point  out  that  the  increase  in  time  efficiency  is  a  discon 
tinuous  function,  since  it  depends  on  the  number  of  machines  allotted  to  each 
stage,  and  these  increase  abruptly  when  the  cycle  time  reduces  belov  certain 


Tttblo  12-4 

Mmnbor  of  AlarlthieN  Hvoulrvil 
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limits.  Figure  12-15  shows  how  this  efficiency  changes  when  the  cycle  time  is 
reduced  from  10.00  to  9.80  and  from  0.30  to  0.10  minute  (the  calculations  were 
carried  out  in  steps  of  0.01  minute),  and  we  see  that  below  0.2  minute  the  effi¬ 
ciency  decreases  and  is  again  restored  to  100  per  cent  at  0.10  minute.  The 
highest  common  factor  of  all  the  operation  times  is  the  first  point  at  which 
maximum  efficiency  is  reached  as  we  reduce  the  cycle  time,  but  this  is  attained 
in  fact  when  the  cycle  time  coincides  with  any  common  factor  (0.1,  0.05, 
0.04  minute,  etc.). 


Figure  12—15.  Twdo  examples  shaming  the  effect  of  the  cycle  Mme  on  the  regularity 
of  the  mmmher  of  machines  and  efficiency  funcMons  (Imsed  on  calculations  at 
imtermds  of  0 Ml  min,), 

Broadly  speaking,  therefore,  the  time  efficiency  increases  as  the  cycle  time 
decrease,  so  that  the  product  should  become  more  and  more  economical  to 
produce.  Furthermore,  as  more  machines  per  stage  are  added,  the  operator  s 
time  he  better  utilized  by  multimachine  supervision.  However,  coupled 
with  the  increase  in  the  number  of  machines,  the  layout  problem  becomes  more 
and  more  complicated,  and  capital  expenditure  tends  to  increase,  owing  to 
bfl.TidliTig  and  flow  control  systems,  and  these  factora  have  to  be  carefully 
considered  in  each  case. 

Balancing  to  meet  demand 

One  of  the  limiting  factors  in  this  balancing  process  is  the  demand  for  the 
product,  and  this  figure  will  greatly  determine  the  selected  cycle  tune.  Suppose 
that  the  product  referred  to  in  Table  12—3  is  required  in  quantities  of  800  pieces 
pwer  week.  The  *‘'pace”  or  cycle  time  can  now  be  calculated  on  the  basis  of  the 
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number  of  normal  working  hourn  [hu’  wook.  Uic'^ro  *10  normal  fionrn, 

the  required  output  par  hour  in  800/^10  20;  Mu^rc^fon*  Mu^  <\y(’i|(^  tinu^  IJial-  w(^ 

should  aim  at  is  00/20  3.0  min.  a.llo<^udion  of  ma.rluneu  vv(a<l(l  Ih*,  an 

shown  in  Fig.  12-13,  th(^  tinier  Ciirumaie.y  lading  70.0  [)er  cauiL  W<‘  ooiild,  ofcuxirne, 
increase  this  efticicuujy  by  sc^kait/iiig  a  shorUa*  e<yel(^  ^im(^.  bul/  Muai  we^  would  |>(^ 
producing  at  a  higher  ratc^  than  nxjuinal  axicl  would  have  to  u-ba-ixhai  How 
production  and  resort  to  batch  prodiuttion.  Overtirm^  ea.n  al/io  b<^  UMcd  to  a-djust 
the  output  level.  Suf)pos(^  the  d(aua,rxl  (dr  our  [)roduet  inerea!S(‘/t  from  800  0) 
1,000  pieces  per  week.  Instc^ad  of  trying  to  sfioHon  the  (dle(*.tiv(^  (^y(?|(^  i-irm^  by 
adding  machines,  the  new  dcunand  ligun^  (uin  b<^  tt\oi,  by  <uuf>loyi[ig'  ovcuH/irm^. 

To  summarize,  in  tackling  probhuns  of  rmudiinc  ba/la-n<u‘ng,  the  following 
considerations  should  be  borru^  in  mind: 


1.  The  “pace”  of  production  is  dcdyca-mimal  by  llie  Hh)w<wt  opcu'aiiofi  in  th(^ 
sequence. 

2.  Total  machine  idle  time  in(a*<^aH(‘-s  with  th(»  (dlccdavc  cy(H(^  </imc  a.nd  (uin 
theoretically  be  removed  wlum  th(^  cyo\o  tim(^  is  a,  (xunmon  ra(!tor  of  iho  indi- 
vidual  operation  times.  As  th(^  (dl(a!tiv(i  tirm^  is  n^diKunl,,  tluu*(^  is  beltca' 
scope  for  placing  identical  mae-hirH^s  undtu'  tlu^  supcawision  of  orx^  ofHU'ador. 

3.  The  “bottleneck,”  or  slowt^st  stages  in  tlu^  line,  should  lmv('  tlx^  most  (ex¬ 
pensive  machine,  so  that  the  idk*-  tirnc^  of  tlu'r  (^xpemsive  (Sjuipnuud/  will  b(^  k<^[)t 
to  a  minimum  level. 

4.  The  effective  cycle  time  should  Ih^  H(He<dod  in  ndation  to  the  nspiin^d  out¬ 
put,  but  some  adjustments  can  bt^  mad(^  by  uh(^  of  ov<a*tim(%  doid)h^  nhiftH, 

Analysis  of  Process  (japaeiiies  in  a  Muliiprodiic.i  (Syslcin 
Estimating  capacity 

When  several  products  have  to  [ms  pnaliKiod  on  the  Hiinie  rinMiliiin^n,  (.lie  |»rol)- 
lem  of  matching  the  capacities  of  the  varioiis  sl.agc^H  in  tln^  prodntrj.ion  w^.nnmcc 
becomes  rather  involved.  Take,  for  c.xami.lc,  the  foll,»wing  two  pnalrndn,  which 

have  to  be  processed  through  four  stagevs. 


Stage 

1 

2 

3 

4 

5 


Product  A 
0.2  min./unit 
0.3 
0.48 
0.4 


/  Product  ft 
OA 
0.3 

0.24 

0.2 


Assuming  there  are  480  minutes  available  per  day,  tlu.  maximum  output  of  the 
stages  when  no  overtime  is  used  is  as  shown  in  the  following  table: 


Stage  Product  A 

1  2,400  unita/day 

2  1,600 

3  1,000 

4  1,200 

5  _ 


Product  H 
1,200 
1,000 

2,000 

2,400 
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fhe  capacity  of  stage  I  is  shown  graphically  in  Fig.  12-16.  When  only  product  A 
is  produced,  the  maximum  output  is  2,4()()  units  (marked  on  the  ordinate); 
when  only  product  B  is  produced,  tlie  maximum  output  is  1,200  units  (marked 
m  the  abscissa).  Any  combination  of  the  two  products,  if  stage  1  is  employed 


Product  B 


Figure  12-16.  Process  capacity  in  the 
case  of  two  products. 


at  full  capacity,  is  given  by  a  point  on  the  straight  line  indicated.  This  assumes 
that  no  setting  time  is  required  when  changing  over  from  one  product  to  another. 
If.  say,  20  minutes  have  to  be  taken  into  account  for  that  purpose,  the  maximum 
output  figures  when  either  product  A  or  product  B  are  solely  produced  remain 
unchanged  at  2,400  and  1,200  units,  respectively,  but  combination  of  the  two 
fie  on  a  somewhat  lower  line,  as  indicated  by  the  broken  line  in  Kg.  12-16. 
Points  above  the  line  for  full  capacity  refer  to  output  figures  that  cannot  be 


Figure  12-17.  Capacity  office  pro¬ 
cesses  for  the  products. 


complied  with  by  stage  1 ;  points  below  the  line  refer  to  output  below  full-stage 
capacity.  The  reader  will  note  that  a  similar  analysis  for  plant  capacity  was 
printed  in  Fig.  5-17. 
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The  capacities'  of  the  five  processes  (assuming  no  setup  time  is  required)  are 
shown  in  Fig.  12-17.  Since  stage  3  is  not  employed  for  the  manufacture  of 
product  B,  it  is  represented  by  a  horizontal  line,  while  stage  5,  which  is  not 
required  for  product  is  shown  by  a  vertical  line.  This  graphical  presentation 
tells  us  immediately  which  processes  limit  the  output.  If,  for  example,  we  want 
to  produce  only  product  A,  the  limiting  factor  is  the  process  at  stage  3  (as  it 
involves  the  longest  operation  time  per  unit)  and  the  maximum  output  is  1,000 
pieces  per  day,  while  all  the  other  stages  will  have  to  be  idle  part  of  the  time 
(stage  5  will,  in  fact,  be  idle  throughout).  We  can  now  increase  our  total  output 
by  using  some  of  the  available  machine  time  for  producing  product  and  for  a 
while  this  will  not  affect  the  output  of  A,  since  process  3  is  not  required  for  B  at 
all.  The  maximum  output  for  B  that  can  be  achieved  while  J[*s  output  is  main¬ 
tained  at  1 ,000  umts  is  given  by  point  2,  which  is  the  point  of  intersection  of  the 
line  representing  stage  3  with  that  of  stage  4. 

The  line  for  stage  4  is  given  by 

l,2m  2,CK)0  ” 
where  xj_  =  the  amount  produced  of  product  A 
xb  =  the  amO'Unt  produced  of  product  B, 

ZA  +  O-OXB  =  1,200 
The  fine  for  stage  3  is  given  by 

za  =  1,CM)0 

Hence  the  value  of  zb  at  point  2  is  izB)^  =  333  unite. 

If  we  wish  to  produce  a  larger  quantity  of  the  limiting  process  is  given  by 
stege  4  along  the  line  2—3.  As  the  amount  for  product  B  increases,  that  for  A 
decreases,  and  the  amounts  at  point  3  are  given  by  the  intersection  of  the  Hn^ 
repr^enting  stages  1  and  4,  namely,  by  elution  of 

Equation  for  line  4:  xa  +  O.Bxb  =  1,2(X) 

Equation  for  line  1 :  — i — =  l 

2,400  ^  1,200 

(3:^)3  =  684  unite 

{^5)3  =  858  unite 

Further  increase  in  product  B  is  now  restrictei  by  stage  1  along  the  line 
3-4,  as  if  the  other  proc^ses  did  not  exist  (as,  in  fact,  shown  in  Fig.  12-16). 
Thus  the  condition  of  maximum  capacity  is  given  by  the  broken  line  1-2-3-4, 
different  processes  being  the  limiting  factor,  depending  on  the  or  balance, 

between  the  amounts  for  the  two  producte.  Any  point  inside  the  figure  0-1-2-3-4 
indicates  that  the  plant  will  not  be  operating  at  maximum  capacity.  It  is 
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mteresting  to  note  that  stages  2  and  5  impose  no  restrictions  on  the  maximum 
output  because  at  no  point  on  the  line  1-2-3-4  are  these  two  stages  fully 
employed.  This  is  a  very  important  piece  of  information,  since  it  would  be  futile 
to  spend  money  and  increase  the  capacity  of  these  two  stages  w^hen  in  fact  the 
restriction  lies  in  the  other  processes. 

Should  we  wish  to  increase  the  maximum  capacity,  Fig.  12-17  would  tell  us 
the  capacity  of  which  process  should  be  raised  for  this  purpose.  Suppose  w'e 
require  950  units  of  product  A  and  500  units  of  product  B.  This  point  lies  outside 
the  figure  0—1— 2— 3-4,  but  only  the  line  for  stage  4  runs  below  this  point.  Should 
this  line  be  raised  so  that  it  passes  through  the  point  (the  new  line  being  parallel 
to  the  old  one)  ,  the  required  figures  would  be  compatible  with  the  new  maximum 
(mpacity  (presented  by  the  broken  line  l-2'-3'-4:  in  Fig.  12-17).  We  have  found, 
therefore,  that  stage  4  needs  expansion,  and  we  can  easily  calculate  the  required 
capacity  for  this  stage: 

Line  4  is  given  by  xa  +  O.Ox^  =  1,200 
If  we  need  xb  =  600,  then  the  possible  output  of  stage  4  at  present  is 

Xa  +  0.6  X  600  =  1,200 
or  Xa  =  840 

But  since  we  need  xa  =  900,  we  have  to  increase  the  capacity  of  stage  4  by 
^  units  per  day,  so  that  the  maximum  output  when  only  product  A  is  produced 
would  be  1,260  as  against  1,200  specified  so  far.  If  we  know  how  much  it  costs  to 
increase  this  capacity,  we  can  proceed  to  analyze  whether  this  is  worth  while. 


Figure  12-18.  Machme-Ume  efficiency 
at  point  C =  0.625. 


Machine  fime  efficiency 

It  may  also  be  of  interest  to  study  the  machine  time  efficiency.  If  the  maximum 
capacity  of  a  machine  or  a  proems  is  given  by  Fig.  12—18,  and  the  machine  is 
operating  at  point  C,  the  time  utilization  is  denoted  by  the  intercept  of  a  parallel 
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Hue  thxougli  point  C  (if  this  time  is  measured  by  output  of  product  The 
efficiency  is  therefore 


1,500 

2,400 


100  =  62.5% 


As  we  proceed  along  the  line  1—2  in  Kg.  12—17  and  increase  the  output  for 
product  B,  w*e  can  draw  for  each  point  lines  parallel  to  the  appropriate  maximum 
capacity  lines  and  find  the  efficiency  for  each  stage.  Up  to  point  2  stage  3  would 
he  operating  at  100  per  cent  (i.e.,  it  is  fiifly  busy);  at  point  2,  which  is  an  inter¬ 
section  of  two  Ines,  two  stages  would  operate  at  100  per  cent  (stages  3,  4);  and 
along  the  line  2-3  stage  4  would  be  at  IIX)  per  cent,  and  so  on.  The  change  of 
efficiency  with  the  amount  required  for  products  .4  and  B  is  shown  in  Fig.  12-19. 


Prodccf  A 


Figure  12—19.  MficMne  time  effic‘iem€:ies 
of  the  flr^e  stages* 


Let  us  now  return  to  the  problem  of  machine  balancing  and  examine  it  in  the 
case  of  a  multiproduct  schedule.  Take,  for  example,  two  products  A  and  B,  each 

produced  on  two  machines  as  follows: 


Machine 

1 

2 


iProduci 
Cifcle  time  {min*} 

6.0 

9.0 


Output  Idm 
SO.O 

5S.S 


Frodtict  B 

Cgde  time  (min.)  Ontpudfdag 

4.0  120 

3.2  150 
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If  we  consider  product  A  alone,  the  output  is  determined  by  machine  2 
at  53.3  pieces  per  day,  while  machine  1  is  partially  idle.  Through  machine 
balancing,  w^e  can  match  the  capacities  of  process  1  and  process  2  by  taking  two 
machines  for  process  1  and  three  machines  for  process  2.  At  this  point  the  cycle 
time  is  3.0  minutes  (  =  the  highest  common  Jactor  of  6.0  and  9.0)  corresponding 
to  an  output  of  160  units  (  ==  the  lowest  common  multiple  of  80  and  53.3). 
Graphically,  this  increased  capacity  can  be  represented  by  a  displacement  of  the 
line  for  full  capacity,  as  in  Fig.  12-20,  so  that  when  perfect  matching  is  attained, 
the  lines  for  full  capacity  meet  at  the  point  of  160  units.  We  see,  however,  that 
at  their  new  capacity  levels,  the  processes  are  balanced  only  for  product  A,  but 
they  are  far  from  being  balanced  for  product  B. 


Figure  12-20.  Balancing  process  ca¬ 
pacities  for  ttco  products •  (There 
are  seven  points  of  balance  in  this 
chart.) 


Perfect  matching  is  possible  for  any  given  ratio  of  quantities  of  products  A 

and  B.  Take,  for  example,  a  ratio  of  68:32  per  cent,  which  is  represented  by  a 
staaight  line  from  the  origin  (Fig.  12-20),  namely,  by 

za  _  68 
Zb  32 

or  —  2-12a;j5 

The  full-capacity  lines  are 

Process  1 :  ^  ^ 

80  ^  120 

=1  or  45a;^  +  16a:j5  =  2,400 

53,3  ^  150 


Process  2: 
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Both  pixK»ss^  wil  be  employed  at  fill  capacity  when  %  machines  are  assigned 
for  proce^  1  and  machine  for  proce®  2,  the  lines  for  full  capacity  being 

Process  1 :  Zxa  +  2xb  =  240n^ 

Proc^  2:  45za  +  =  2,400?i2 

By  sutetitnting  xa  =  2.12:rB,  we  get 

xb  ~  28.6% 

xb  =  21.5^2 

As  Kj,  lu  are  whole  niunbers,  the  lowest  amoimt  of  xb  for  full  capacity  would 
simply  be  the  lowest  cominon  multiple  of  28.6  and  21.5,  which  is  86.  Thus, 
perfect  balance  is  obtained  when  xj  =  183,  xb  =  S6  (see  Fig.  12-20).  In  general, 
when  the  lines  for  fnl  capacity  for  production  of  two  products  A  and  B  by  m 
processes  are  given  by 


Process  1: 

Xa  ,  XB 

(using  %  machines) 

Proc^  2: 

Xa  j  Xb 

(using  Kg  machines) 

Proc^  m: 

Xa  ,  XB 

"j -  -I - W — - 

(using  fim  machines) 

Am  '  Bm 


and  when  the  require  ratio  between  the  products  is  aijg  =  ocxaj  full  capacity  is 
obtained  when  all  these  lin«  intersect  at  one  point.  This  can  be  derived  by 
solution  of  the  preceding  simultaneous  equations. 

In  Fig.  12-20,  the  first  two  lines  of  the  processes  1  and  2  intersect  at  xa  ==  23 
and  Xb  =  86  when  each  process  employs  one  machine.  This  means  that  whenever 
we  assign  the  same  number  of  machines  n  to  each  process,  we  shall  get  a  point  of 
balance,  which  will  occur  at  xa  =  23n  and  xb  =  86ti,  and  all  these  points  of 
balance  lie  on  a  straight  line  (as  in  Fig,  12-20). 

Multiprc^uct  analysis 

The  problem  of  balancing  in  the  case  of  one  product  is  a  one-dimensional  one, 
the  condition  for  full  capacity  of  the  pix>cesses  being  indicated  by  a  series  of 
points  on  a  straight  line.  In  the  case  of  two  products,  we  have  a  two-dimensional 
problem,  the  condition  for  full  capacity  being  represented  by  straight  lines.  For 
any  given  ratio  betw^een  the  amounts  required  for  the  two  products,  a  point  of 
Ml  balance  can  be  found,  but  unless  the  lines  of  full  capacity  are  parallel  to  each 
other,  i^rfect  matching  when  the  ratio  vari^  is  not  possible. 
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A  tbxee-prodiiet  problem  can  be  analyzed  by  a  tkree-dimensional  model,  the 
conditions  for  fall  capacity  being  represented  by  planes.  Take,  for  example,  a 
three-product  system,  in  which  there  are  two  processes  as  given  in  the 
accompanying  table. 

Product  No.  and 

Max.  Outjmt  12  3 

Process  I  (per  hour)  80  50  20 

Process  II  (per  hour)  50  70  50 

The  maximum  capacity  of  process  I  is  expressed  by 

.  ^2  j  _  1 

80  50  20 


and  that  of  process  II  by 


^1^4.^=! 

50  ^  70  50 

(where  is  the  amount  of  product  1;  of  product  2;  and  x^,  of  product  3), 
and  these  are  two  planes,  as  shown  in  Fig.  12—21 ,  the  intercepts  of  these  planes 
at  the  axis  being  the  values  denoted  in  the  above  table.  Maximum  capacity  for 


u 
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process  I  is  described  bj  the  plane  2-3-8  and  that  for  process  II  by  1-6-7.  The 
maxuniun  capacity  of  the  two  process  combined  would  therefore  be  given  by 

whichever  plane  is  “lower,”  i.e.,  by  the  figure  l-^2-3-5  (the  line  4-5  being  at 
the  intersection  of  the  two  planes),  and  any  point  below  this  surface  (within  the 
space  0-1-4-2-3-5)  would  correspond  to  operation  below  full  capacity. 

Sunilarly,  in  the  case  of  «  products,  the  problem  has  to  be  expressed  by  an 
n  dimensional  system.  The  analysis  is  basically  the  same  as  that  for  a  two-  or 
three-product  system,  though  naturally  it  is  difficult  to  visualize  or  to  present 
m  a  graphical  form.  The  capacity  restrictions  are  expressed  by  linear  equations 
being  of  the  form 

~r  +  •  *  *  +  ^  A 

i>i^i  +  +  ■■■  +b„x„  ^  B  (12—16) 

CjXj  +  -j-  •  .  •  -f-  <  C 

and  so  on,  where  is  the  amount  of  product  1,  x,_  the  amount  of  product  2, 

etc.,  and  J  being  the  capacity  of  process  1,  JS  of  process  2,  etc.  The  symbol  < 
indicates  that  capacities  cannot  exceed  the  maximum  values  on  the  right.  If  the 
capacity  of  process  1  can  be  expanded,  the  restriction  would  read 

where  is  the  ratio  between  the  expanded  capacity  to  the  original  capacity  (if 
this  expression  is  obtained  through  addition  of  identical  machines,  would  be 
a  whole  number,  unless  some  allowance  has  to  be  made  for  the  fact  that  the 
output  of  a  process  or  a  stage  does  not  rise  linearly  with  the  number  of  machines 
^ocated).  The  restriction  for  the  other  processes  would  be  likewise  amended 
As  we  are  dealing  only  with  positive  and  real  values  for  the  various  quantities 
our  conaderations  are  restricted  to  the  first  quadrant  in  our  b  dimensional’ 
system  of  coordinates,  namely: 

Xi  >  0 


A;B;G  ^  0 

Bj  >  0 


(12-17) 


Profit  Maximization 

We  ^w  that  the  maximum  capacity  of  a  plant  is  determined  by  one  or  more 
r^nctions.  depending  on  process  capacities.  Of  ah  the  points  at  which  the 
plant  can  operate,  which  is  the  best? 


Graphical  presentation 

Let  us  examine  the  example  for  two  products  A  and  B,  shown  in  Tig.  12-17. 
Maximum  capacity  is  indicated  by  the  line  1-2-3-4,  but  we  have  already  seen 
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that  operating  at  point  2  is  preferable  to  that  at  point  1,  since  in  both  cases  the 
quantity  produced  for  product  A  is  the  same,  whereas  at  pomt  2  we  produce 
333  units  of  product  B  against  none  at  point  1.  Assuming  the  profit  per  unit 
of  product  B  is  positive,  it  is  obviously  worth  while  to  move  from  point  1  to 
point  2. 

Likewise,  one  can  argue  that  operating  on  the  line  of  maximum  capacity 
(namely,  on  1-2-3-4)  is  better  than  operating  at  partial  capacity  (i.e.,  at  a 
point  within  the  figure  0-l-~2-3-4).  Suppose  we  take  a  point  relatic^  to  5TO 
Txnits  of  A  and  500  units  of  J5,  which  is  obviously  below  the  line  of  maximum 
capacity.  We  can  draw  a  horizontal  line  through  this  point  untfi  it  meets  the 
line  1-2--3-4.  The  point  of  intersection  corresponds  to  5(K>  units  of  A  (being  the 
same  as  for  the  original  point)  and  950  units  of  B.  Again,  if  the  profit  per  unit  of 
JB  is  positive,  it  would  be  far  better  to  produce  500  of  A  and  950  of  B,  rather 
than  500  of  A  and  only  500  of  B, 


o 


Figiire  12-22.  The  profll  fumeiien  fer  m 

tmo-product 


Analysis  by  linear  programing 

Let  us  now  examine  numericaUy  the  profit  ftmetion  for  our  two-prodnet  sys¬ 
tem.  Suppose  the  profit  for  product  .4  is  =  $2.00  per  unit  and  that  for  product 
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Bibzb  —  $3.00  per  unit.  The  profit  (in  dollars)  corresponding  to  the  comera  of 
the  figure  0-1— 2-3-4  would  be  as  shown  In  the  accompanying  table. 


Poird 

^■B 

Profit  for  A 

Z^Xj, 

Profit  for  B 

Total  Profit  Z 
for  A  and  B 

0 

0 

0 

0 

0 

0 

1 

1,000 

0 

2,000 

0 

2,000 

2 

1,000 

333 

2,000 

1,000 

3,000 

3 

684 

858 

1,368 

2,574 

3,942 

4 

0 

1,200 

0 

3,600 

3,600 

The  profit  function  along  any 
the  total  profit  is 

of  the  sides  of  the  figure  0-1—2- 

-3-4  is  linear,  since 

Z  =  ZaXa  +  ZbXb 


and  the  relation  between  xj,  and  xb  as  giren  by  the  restrictions  is  linear.  The 
profit  function  can  therefore  be  described  as  a  plane,  shown  by  the  figure 
O-I-n-III-IV  in  Fig.  12-22.  Maxunum  profit  is  attained  at  point  3,  where 
084  units  of  A  and  858  units  of  B  am  produced,  and  we  see  that 

1.  The  maximum  is  obtained  at  a  comer  point;  this  conclusion  obeys  a 
th«)rem  in  linear  programing,  which  states  that  the  point  of  optimum  must  lie 
at  a  comer  point. 

2.  The  maxiniuni  point  ii^  on  the  line  of  maximum  capacity  1— 2-3-4,  and 
it  consists  of  a  series  of  linear  iunctions  (see  Fig.  12-23). 


Prodvcf  A 


Figure  12-23.  The  profit  funetion  along 
the  line  of  maximmm  capacity  (a  ffuo- 
product  sgstetn } . 


In  the  preceding  example  we  selected  a  two-product  system  again  because  it  is 
^ple  to  illustrate  graphically  what  happens  to  the  profit  functions  as  we  change 

t’  e  ratio  between  the  amounts  produced.  If  we  have  n  producis  on  our  program. 
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tiie  problem  can  be  similarly  stated:  The  best  point  for  which  production  should 
be  planned  lies  on  the  maximum  capacity  space  and  is  obtained  by  maximizing 
the  profit  function: 

Z  ==  %%  +  +  *  *  *  +  Vn  (12-18) 

where  is  the  quantity  for  product  1,  for  product  2,  etc.,  and  is  the  profit 
per  unit  of  product  1,  Sg  the  profit  per  unit  of  product  2,  etc.  This  system  is, 
however,  subject  to  certain  process  output  restrictions,  namely, 


OjZi  +  +  •  •  • 

+  Cln^n  < 

(12-19) 

4-  62*2  +  •  •  • 

and  so  on,  and  ■where  ajj  ^  0 

A-,B,C  ■■■ 

>  0 

(12-20) 

o 

A\ 

This  is  a  typical  linear  programing  problem;  linear  because  all  the  relations 
between  variable  may  be  expressed  by  linear  functions;  progtafning  because  we 
are  trying  to  define  the  best  program  from  a  large  number  of  possible  alter¬ 
natives.  The  optimal  solution  can  be  sought  by  use  of  conventional  linear  pro¬ 
graming  techniques,  which  are  well  described  in  several  textbooks  on  the  subject. 

If  we  accept  the  maxim  that  the  production  planning  and  control  department 
m  responsible  for  working  out  the  best  wa3ra  and  methods  with  which  the 
production  facilities  should  be  deploy^,  then  it  follows  that  it  should  be  very 
much  concerned  with  the  optimal  solution  to  the  problem  stated  above  for  the 
seveial  reasons  discussed  in  the  subsequent  paragraphs. 

Gmrrekdion  of  production  and  scdes  volumes 

The  optimal  solution  indicates  the  best  quantities  of  production  that  the 
plant  should  try  to  operate  at,  so  that  the  sal^  department  can  take  appropriate 
action  in  endeavoring  to  adjust  the  sales  volumes  in  that  direction. 

Isc^roJU  spaces 

It  is  possible  to  work  out  what  potential  profit  is  lost  when  deviations  from 
the  optimum  have  to  be  undertaken.  In  the  case  of  Mg.  12-23,  for  instance,  we 
that  deviations  from  the  optimum  in  favor  of  product  B  are  preferable  to 
deviations  in  favor  of  ^4.  It  is  often  useful  to  construct  what  may  be  termed 
isc^rojli  spouses.  An  isoprofit  space  is  the  locus  of  points  of  plant  outputs  that 
yield  the  same  profit.  Take  the  example  of  the  two  products  presented  in  Mg. 
12-17.  The  profit  is  given  by 

Z  =  zaxa  + 

If  Z  is  kept  constant,  the  isoprofit  space  in  this  case  is  a  straight  line,  intercept¬ 
ing  the  XA  axis  at  xa  =  ZjzA  (i.e.,  al  the  profit  Z  is  obtamed  by  marketing  only 
product  A)  and  the  xb  axis  at  xb  =  Zjzs  (i-c.»  all  the  profit  Z  is  obtained  by 
naarketing  only  B),  The  isoprofit  lines  are  parallel  to  each  other,  as  only  the 
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value  Z  changes  for  each  line,  as  shoum  in  Fig.  12-24.  Take,  for  instance,  the 
isoprofit  line  Z  =  $3,000.  The  intercepts  are  3,000/2.00  =  1,500  units  on  the 
product  A  axis  and  3,000/3.00  =  1,000  units  on  the  product  B  axis.  As  all  the 
points  on  this  line  yield  the  same  profit  of  $3,000,  we  see  that  we  need  not  work 


Figure  12-24.  Isoprofit  lines  in  m 
two-product  system. 


at  maxinium  capac^ity  (point  2)  in  order  to  acMeve  tins  profit,  as  any  other  com¬ 
bination  of  quantities  on  the  isoprofit  line  and  below  the  maximum  capacity 
Ine  (i.e.,  when  Xji  <  1,000)  is  just  as  effective.  As  we  increase  the  profit,  the 


Figure  12-25.  Effect  of  the  ratio  za:zb 
om  the  location  of  the  optimal  point. 


portion  of  the  isoprofit  line  below  the  maximum  capacity  line  becomes  shorter 
and  shorter,  until  eventually  for  Z  =  $3,942,  the  isoprofit  fine  touches  the 
maximum  capacity  line  at  one  point  only  (point  3),  and  this  is  the  optimal  point. 
A  higher  profit  cannot  he  attained,  since  all  isoprofit  lines  for  Z  >  942  are 

above  the  line  1-2-3-4  (see,  for  example,  the  line  Z  =  $4,000). 
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It  is  clear  from  this  concept  of  isoprofit  lines  that  the  optimal  pomt  m,iist  he  a 
corner  point  on  the  line  1 -2-3-4,  and  the  location  of  this  point  depends  veiy 
much  on  the  ratio  of  zaI^b,  since  this  ratio  determines  the  slope  of  the  isoprofit 
lines.  For  our  case,  zaJzb  =  2.00/3.00  =  0.67,  and  the  optimum  is  at  3.  What 
happens  when  this  ratio  changes?  If  it  increases,  say,  to  1.00'^  or  1.38  (see  Fig. 
12-25),  the  isoprofit  line  passing  through  3  is  stEl  the  maximum  one.  But  for  a 
ratio  of  1.67  the  isoprofit  line  coincides  with  the  portion  2-3  on  the  maximum 
capacity  line,  so  that  now  any  combination  on  2-3  ’will  yield  the  same  profit 
(this  is  rather  important,  since  this  situation  provides  useful  and  advantageous 
flexibility  in  production  programing).  But  as  soon  as  we  go  below  the  ratio 
1.67,  the  isoprofit  line  lies  partially  below  the  maximum  capacity  line,  and  now 
point  2  becomes  the  “extreme’’  one  that  w^ould  3deld  maximum  profit.  Sunlarly, 
when  w^e  reduce  the  ratio  zaIzb  below  0.67,  we  get  eventually  an  isoprofit  line 
that  coincides  wdth  the  portion  3—4  of  the  maximum  capacity  line  (vrhen  the 
ratio  is  0.50),  and  'when  the  ratio  is  below  0.50,  point  4  becomes  the  optimal  one. 

In  the  case  of  a  three-product  system,  the  isoprofit  space  is  a  plane,  given  by 


2j  =  +  ^^2^2  “T 

and  the  intercepts  of  the  plane  at  the  axes  vrouid  be 

z  z  z 

x.  =  — ;  =  — ;  ^3  =  “ 

% 

Any  point  on  this  plane  within  the  positive  quadrant  (i.e.,  we  are  dealing  with 
positive  values  of  Xg)  will  3ield  the  same  profit.  The  isoprofit  planea  in  thi^ 

three-dimensional  system  would  be  parallel  to  each  other,  since  only  Z  changes 
from  one  plane  to  another  (see  Fig.  12-26). 

Through  these  isoprofit  spaces  we  gain  some  information  about  many  ^mts 
of  partial  plant  capacity  that  yield  the  same  profit  as  points  relatmg  to  maximum 
capacity.  This  may  give  us  some  clues  as  to  the  best  policy  we  ought  to  adopt  m 
order  to  adjust  our  production  program  and  attain  optimum  performance. 


Limiting  factors  to  production  increase 

The  analysis  provides  us  with  data  about  the  utilization  of  each  process,  and 
if  we  manage  to  set  our  plant  to  work  at  the  optimal  solution,  we  know  prensely 
which  processes  are  the  factors  linaiting  the  increase  of  our  production 
Take,  for  instance,  Fig.  12-19.  At  the  optimal  point  (x.4  =  6S4:  ars  - 
processes  1  and  4  are  working  at  ful  capacity  and  process  2  very  nearly  at  MI 
capacity  (its  time  utilization  being  96  per  cent),  while  processes  3  and  o  are  far 
fr^  being  highly  utilized.  This  information  allows  us  to  draw  some  important 
conclusions  relating  to  efficient  operation  of  the  plant,  such  as: 


1.  The  machines  at  stages  1,  4, 
and  repair  schedules.  Preventive 


2  shO'Uld  receive  first  priority  in  maintenanee 

maintenance  should  preferably  not  be  earned 
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out  during  normal  hours,  in  order  not  to  reduce  the  time  efficiency.  The  machines 
at  stages  3  and  5  may  be  mamtained  during  normal  working  hours. 

2.  If  occasional  orders  are  obtained  for  additional  products,  they  may  be 
accepted  as  long  as  they  require  the  use  of  available  time  of  processes  3  and  5, 
but  deplo3T2ient  of  the  other  processes  that  operate  at  full  capacity  may  curb 
the  output  targets  set  for  the  basic  products  A  and  B  on  our  program. 


“D 

o 

a. 


Choice  of  expamMble  process 

An  “opportunity  analysis*’  may  be  carried  out  to  indicate  which  process 
could  expand  most  profitably.  Suppose  we  have  a  certain  amount  of  capital  that 
may  be  invested  in  order  to  increase  the  capacity  of  one  of  the  processes,  and  we 
know  by  how  much  we  expect  this  capacity  to  increase  as  a  result  of  this  invest¬ 
ment — which  process  should  be  selected  for  the  purpose?  In  the  case  of  Fig. 
12-17,  we  know  horn  Fig.  12-19  that  there  is  little  point  in  expanding  stages 
3  and  5.  It  is  even  fatHe  to  expand  stage  2  on  its  own,  since  such  an  expansion 
would  just  displace  the  output  restriction  of  this  stage  in  Fig.  12-17  to  the  right, 


Mmhme,  Oapmily  S23 


md  wot«Id  lit.Un  (hh  Uh*:  optimal  f)oir»t  lit  3.  In  Mh<a’t,  if  any  of  th(^ 
prom^rit'iofi  2,  3,  or  3  in  im^r<ny?orI  in  <^apiM‘ity,  tliin  will  not  incrnaHo  thcs  maximum 
[)larj<»  t".n.f»a<'ity,  n.ml  wlnm  cmrvc^ri  f(M‘  if!m<^  (^dioicnHiy  of  i/la^  f)r<K5(NHH(’!N  a-n^  dra/Wn, 
wa  nliaJI  r<^itliy;r!  that  tlm  oirKaimnion  of  thotu^  pro<*,onnon  maraly  <h':c.lim^.  h2vi<lcait)y 
w<^  havo  t-o  f^Kpata!  aitlmr  proo(*nn  I  or  fa’oa(^nn  *1,  nincM^  thano  limit  tha  maximtim 
[)lant  <'.a,[»a.<aty,  But  vvhi(di  onaf  Hu[)poia^  tluit  hy  iiivcsHting  our  morH\y,  w(^  ntay 
(^XfHa^t  aji  inanwu*!  of  pea*  in  aapa^aity  of  (atlaa"  proa(^HH  I  or  4.  If  w(^ 


t'igtira  la  27.  f^mmininfif  4dkwu1lve  e^xpunniim  plmm » 

cjxpaml  prot^ann  I,  wa  tln^  rmw  maximum-aafMiaity  lin<^  I  2  3  4  5,  an  Hhown 
in  Big.  12  27;  if  wa  axpa.nd  proa.<^H^i  4,  W(^  g<4  thc^  lina  I  2  3  4.  profit  to  be 
(^xp<H;tacl  along  tha-  m*!W  maximum  aapaaity  limw  Ih  given  in  the  accjompanying 
table. 


Hlxpantiian  af  Httmv,  / 

Swpamion  of  Stage  4 

Toted 

Paint 

Tatat 

Faint 

profit 

profit 

r 

I  ,(X)0 

0 

23)00 

1* 

1,000 

0 

2,000 

2*** 

1  ,()()() 

333 

3,000 

2 

1,000 

600 

3,800 

3 

SCO 

1  .(KH) 

4,200 

S 

soo 

800 

4,000 

4 

200 

1 ,400 

4,000 

0 

1,200 

3,600 

n 

0 

1  ,hoe 

4,500 

"^riuMja  pointa  t'soina.ah^  with  c.onnor  paintH  oa  th(»  inaxirnum-capaoity  lino  in  Fig.  12-17. 

The  profit  funation  in  plottixl  in  Big.  12  28,  from  which  we  see  that  expansion 
of  stages  I  in  (lelinif/esly  prc4<^rabla.  4’h<j  study  of  opportunities  when  a  larger 
nurnlxw  of  pro(lu(?tH  is  involv(‘.d  is  similar  to  that  employed  for  a  two-product 
system. 

li(»ducli()n  of  varidy:  HimpUJimtiori 

analysis  of  plant  eapacuty  providers  us  with  some  valuable  information 
for  any  simfiliOe^ition  program  w(^  may  have  in  mind.  In  the  two-product  system 
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coiisMer«i  above,  tbe  profit  plane  is  inclined  upward  as  we  move  from  the 
origin,  bnt  the  slope  along  the  axis  xb  is  higher  than  the  slope  along  xa,  since  the 
profit  per  unit  of  B  is  higher.  If  we  could  increase  the  plant  output  in  product  B 
at  the  expense  of  product  A ,  unit  for  unit,  it  would  obviously  be  advantageous 
to  eliminate  ^4  altogether.  The  capacit}’’  restrictions,  however,  prevent  us  from 
doing  that,  and  this  is  why  we  sometimes  get  an  optimal  profit  solution  which 
corresponds  to  a  certain  combination  of  quantities  for  A  and  B. 


Figure  12-28.  The  profit  function  along 
the  line  of  maximum  capacity  for  ttiw 
alternative  expansion  plans. 


But  when  expansion  is  undertaken,  w^e  soon  discover  whether  a  basic  pre¬ 
ference  of  one  product  is  inherently  indicated.  In  the  case  cited  above  for 
exjmnsion  of  25  per  cent  in  process  capacity,  we  see  from  Fig.  12-28  that  the 
system  is  moving  very  rapidly  toward  the  elimination  of  product  A.  In  fact  the 
profit  at  pomt  4  (see  preceding  table)  is  not  appreciably  higher  than  that  at  5, 
whem  the  program  consists  of  product  B  alone.  Furthermore,  we  could  study 
the  effect  of  changes  in  profit  per  unit  on  the  optimal  solution.  In  the  case  of  a 
two-product  system,  such  changes  would  affect  the  inclination  of  the  profit 
plane,  and  it  is  very  important  to  know  to  what  extent  the  optimum  solution  is 
sensitive  to  them. 

Changes  of  this  kind  may  occur  because  of  effects  of  competition  in  the  market 
on  the  pricing  policy  of  the  firm,  or  because  contemplated  technical  improve¬ 
ments  in  the  plant  may  reduce  the  cost  of  production.  In  both  cases  we  can  use 
the^  capacity  analysis  to  determine  at  what  stage  variety  reduction  is  definitely 
indicated  and  whether  our  longer-term  plans  for  expansion  or  specialization  are 
reasonably  stable  and  are  not  likely  to  be  greatly  affected  by  these  changes.  If 
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our  long-term  plans  involve  large  sums  in  capital  expenditure  or  fundamental 
orientation  of  the  labor  force  (in  training  for  special  skills,  for  instance),  the 
importance  of  such  studies  is  self-evident. 

Summary 

Machine  output  increases  as  the  cycle  time  decreases,  and  assignment  of  tasks 
to  operators  as  well  as  analysis  of  nonproductive  time  should  be  carried  out 
with,  this  point  in  mind.  The  ratio  of  total  cycle  time  to  operator  time  gives  an 
mdication  as  to  the  number  of  automatic  machines  that  one  operator  can  look 
after  under  deterministic  conditions.  In  practice,  however,  there  are  variations 
in  operator  times,  which  cause  machine  interference  and  idle  time.  In  the  case  <  if 
automatic  machines,  which  stop  at  random  and  demand  the  services  of  the 
operator  (his  attention  time  being  constant  for  each  stoppage),  machine  inter¬ 
ference  increases  with  the  ratio  of  attention  time  to  machine  running  time  and 
with  the  number  of  machines  assigned  to  one  operator. 

When  the  product  emerges  from  the  series  of  operations  performed  on  several 
machines,  the  operation  times  usually  differ,  and  the  rate  of  production  is  then 
determined  by  the  slowest  process.  This  often  results  in  excessive  idle  times  for 
the  quick  machines,  and  to  reduce  it  and  increase  the  rate  of  production,  we  tiy 
to  balance  the  output  rates  along  the  line  by  adding  machines  at  the  slow  stages. 
Perfect  matching  is  theoretically  attained  when  the  lowest  common  factor  of  the 
operation  times  is  selected  as  the  cycle  time. 

When  n  products  are  manufactured  by  use  of  wi  processes  in  the  plant,  the 
capacity  restrictions  may  often  be  expressed  by  linear  equations,  such  as  (for 
process  1) 

n 

2  <  -A 

1 

where  is  the  quantity  produced  of  product  t,  is  a  coefficient  that  dt^Ncribes 
fhe  rate  of  production  of  product  t,  and  is  the  process  capacity  iimitetioii.  Of 
■fehe  many  alternatives  (i.e.,  different  combinations  of  quantities  of  proilucts) 
fhaf  are  possible,  'we  may  want  to  maximize  the  profit,  i.e.,  the  function 

1 

where  is  the  profit  per  unit  of  product  i.  Solutions  to  these  problems  are  deriv«i 
through  linear  programing  techniques. 
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Problems^ 

1.  An  article  is  proce^ed  on  three  machines,  A ,  B,  and  O,  as  shown  in  the  following 
table: 


Mjc  Opemtmn  Time  (min.) 

Preparation 

before 

Production 

{min.Jday) 

Cleaning 

after 

Production 

{min.jday) 

Operation 
Costs  {includ¬ 
ing  labor) 
{$lhour) 

Loading  and 
Unloading 

Processing 

Total 

A 

2.0 

2.5 

4.5 

15 

10 

10 

B 

3.0 

10.0 

13.0 

30 

10 

14 

G 

2.0 

3.0 

5.0 

15 

10 

25 

A  study  revealed  that  if  the  jigs  for  machines  B  and  C  were  to  be  redesigned, 
loading  and  unloading  tim^  could  be  reduced  to  2.0  and  1.0  minutes,  respec¬ 
tively. 

(i)  Find  the  number  of  pieces  produced  per  day  (8  hr.). 

(ii)  Getting  has  shown  that  unless  production  is  increased  by  20  per 
cent  the  installation  of  new  jigs  would  not  be  worth  while.  Would 
you  recommend  redesigning  the  ji^? 

(iii)  If  the  number  to  be  produced  is  large,  suggest  changes  in  the  present 
arrangement  and  ^timate  the  new  production  figure. 

2.  The  problem  of  determining  the  number  of  identical  machines  to  be  assigned 

to  one  operator  under  deteiministic  conditions  was  tackled  in  this  chapter. 

A  work  cycle  of  a  machine  involves  a  minutes  preparation  time  (loading 
and  unloading)  and  t  minute  running  time;  since  the  machine  stops  auto¬ 
matically  at  the  end  of  ite  task  and  requires  no  supervision  while  running, 
the  operator  can  supervise  more  than  one  machine.  When  there  is  complete 
matching  of  the  operator  cycle  time  and  the  machine  cycle  time,  the  number 
of  machines  that  the  operator  can  look  after  is  n'  =  (a  +  t)/a.  If  n'  is  not  a 
whole  number,  we  have  to  select  between  w.  or  n  -f-  1  machines,  where 
<  fi  <  fi  1.  Show  that  these  are  the  only  two  alternatives  we  need 
consider,  i.e.,  that  figures  below  n  or  above  n  -f  1  may  always  be  ruled  out. 

3.  (i)  Show  that  if  an  operator  is  required  to  supervise  several  machines  with 

nonidentical  cycle  times,  idle  time  inevitably  occurs  (express  this  idle  time 
quantitatively),  (ii)  Two  identical  machines  with  a  cycle  time  T  =  a-i  + 
and  one  machine  with  a  cycle  time  2T  =  +  ^2  assigned  to  one  operator. 

Show  that  no  perfect  matching  is  po^ible. 


®  In  some  of  the  ^btems  linear  programing  techniques  are  required  to  arrive  at  final 

familiar  with  such  techniques  are  advised  just  to  formulate 
the  problems  along  the  lines  suggested  in  the  text. 
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4-  An  order  of  10,000  components  have  to  be  produced  by  a  miUing  operation. 
Three  identical  milling  machines  are  available  in  the  shop.  The  operation 
times  and  costs  are  as  follows: 

Inserting  piece  in  machine,  1.8  min. 

Starting  machine,  0.1  min. 

Machining  time,  2.5  min. 

Unloading,  0.6  min. 

Inspecting  piece,  0.25  min. 

Walking  between  machines,  0.05  min 

If  a  special  milling  fixture  is  used,  the  inserting  and  unloading  times  can 
be  reduced  to  1.0  minutes  and  0.4  minute,  respectively.  The  cost  of  one  fixture 
is  $800. 

(i)  If  only  one  operator  is  employed  on  this  job,  there  are  nine  po^ible 
combinations  of  utilizing  one,  or  two,  or  three  machines  with  or 
without  fixtures.  Find  the  costs  per  piece  incurred  by  each  of  these 
combinations,  and  hence  the  one  involving  the  lowest  costs  per  piece. 
Assume  that  if  machines  are  not  used  for  this  Job,  they  can  be  utilizai 
for  some  other  work.. 

(ii)  Which  combinations  would  you  rule  out  firom  the  practical  point  of  view  f 

(iii)  Draw  a  man  and  multimachine  activity  chart  for  the  best  arrangement. 

(iv)  If  the  plant  is  prised  for  an  early  delivery  date,  it  is  po^ible  to 
expedite  production  by  adding  another  operator.  How  will  the  work 
be  arranged  and  what  will  the  costs  per  piece  be? 

(v)  Suppose  it  is  now  known  that  the  order  will  be  repeat^  in  the  future. 
What  arrangement  would  you  recommend?  What  saving  wiE  be 
effected  by  this  arrangement  over  the  method  recommended  in  (ii), 
when  the  order  is  repeat^? 

5.  A  machine  shop  has  to  produce  100,000  componente  for  which  the  following 
times  have  been  estimated: 

Inserting  piece  into  the  machine,  0.30  min. 

Starting  the  machine  and  engaging  feed  lever,  0.10  min. 

Running  time  (automatic  stop  at  end  of  operation),  3.25  min. 

Unloading  component,  0.20  min. 

Inspecting  component,  0.35  min. 

Walking  between  machines,  0.10  min. 

The  following  costs  figure  were  provided  by  the  accounting  department: 

Labor  costs,  $4.00/hour 
Machine  costs,  $5.00/machme  hour 
Overhead  and  Materials,  $3.20/unit 

(i)  Find  the  cost  per  piece  by  using  one  operator  with  one,  two,  or  thr^ 
machines. 

(ii)  Draw  a  rna.rt  and  multimachine  chart  for  the  three  cases. 

(iii)  Assume  four  machines  are  available,  which,  if  not  employ^  for  this 
production,  will  remain  idle;  more  operators  (if  required)  can  be  engaged. 
Recommend  and  analyze  a  method  where  cost  per  piece  will  lowest. 
How  long  will  it  take  to  produce  the  batch  of  100,000  by  your  recom¬ 
mended  method? 


Material  cost,  $0.40/piece 
Labor  cost,  $4.00/hour 
Overhead  cost,  $6.00  machine  hour 
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6.  A  number  of  operators  are  performing  tbe  same  task  in  a  production  center, 
where  the  same  machine  is  used  by  each  in  turn.  The  task  includes: 


Check  and  set  the  components 

0.65 

min. 

Assemble 

0.44 

min. 

Wtork  with  hand  tools 

0.32 

min. 

Walk  to  the  machine 

0.04 

min. 

Operate  the  machine 

0.30 

min. 

Inspect  before  the  next  operation 

0.10 

min. 

Operate  the  machine  again 

0.15 

min. 

Inspect  the  assembly 

0.04 

min. 

W'alk  back  to  bench 

0.04 

min. 

Further  operation  by  hand  tools 

1.14 

min. 

Final  inspection  and  packing 

0.46 

min. 

Total  cycle  time 

3.68 

min. 

Cost  of  machine 

1 1.70/hour 

Cost  of  labor 

|3.80/hour 

(i) 

(ii) 

(hi) 

(iv) 


(Vi) 

(vii) 


How  many  operators  should  be  engaged  in  this  production  center? 
Draw  a  multiactivity  chart  for  the  center.  What  maximum  output 
would  you  expect  to  attain? 

Find  the  production  costs  per  piece  for  (i). 

Would  you  expect  operators’  interference?  Why? 

Would  it  be  worth  while  allotting  the  final  inspection  and  packing 
operations  to  one  man?  Compsu^e  the  costs  per  unit  for  this  case  with 
the  figure  you  obtamed  in  (ii). 

Similarly,  would  it  be  worth  while  allotting  only  the  first  task  (‘‘check 
and  set”)  to  one  operator? 

Would  you  recommend  combining  plans  (v)  and  (vi)?  What  would  the 
cc«ts  analysis  be  in  this  case? 


i.  (i)  Show  that  when  one  niachine  is  assigned  to  one  operator,  the  column  in 
the  Ashcroft  tables  for  n  =  1  is  obtained  by 

1 


A,  = 


^  +  P 


(ii)  Show  that  when  n  fully  automatic  machines  are  supervised  by  one  oper¬ 
ator  (a^ume  no  random  stoppages  for  repairs), 


l-hp 

(ill)  If  the  number  of  semiautomatic  machines  n  is  increased,  show  that  the 
maximum  value  of  J.  is  given  by 

1 

P 

(tv)  For  (a),  p  —  0.20,  fb),  p  —  0.30,  plot  the  change  of  with  n  and  the 
efficiency  AJn  with  Compare  your  figures  with  those  obtamed  for  fully 
automatic  machines  [derived  by  (ii)]. 
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(v)  If  n  =  8  machines,  plot  the  change  of  Ag  and  the  efficiency  when  p  is 
increased  from  0  to  0,5,  and  compare  with  values  obtained  for  the  ease  of 
fully  automatic  machines. 

8.  In  a  small  plant  engaged  in  the  manufacture  of  biscuits,  the  process  is  composed 

of  the  following  operations  (see  Fig.  12-29): 

(1)  The  raw  materials  are  brought  from  store  A  to 
temporary  storage  B;  • 

(2)  From  B  to  mixers  C,  D; 

(3)  From  mixers  to  rolling  and  forming  machine  E; 
then  to  tables  F  for  arranging  in  forms  and 
trays; 

(4)  From  F  to  shelves  G,  waiting  for  oven; 

(5)  From  G  to  oven  H; 

(6)  After  baking;  to  tables  I  for  sorting  and  inspection; 

(7)  Then  to  packing  section  J ; 

(8)  Finally  to  storage  K,  ready  for  delivery. 

It  was  foimd  convenient  to  measxire  the  volume  of  production  by  the 
number  of  cartons,  and  the  appropriate  times  are  as  follows: 

3Iixer  C:  Capacity  1  carton;  preparation,  3  min.;  mixing,  10  min.;  pouring  from  mixer, 
1|-  min.;  cleaning  at  end  of  day,  6  min. 

Moiling  and  Forming  E  (hand-operated):  Operation,  15  min./carton;  cleaning  at  end  of 
day,  15  min. 

Oven  H  (gas-operated):  Capacity,  5  cartons,  warming  up  before  baking,  20  min.;  baking 
time,  40  min.:  loading,  min.;  xmloading,  2|  min.;  cleaning  at  end  of  day  fineluding 
trays),  25  min. 

Other  operations: 

Handling  time:  take  an  average  figure  of  0.2  min. /carton /each  transportation.  Arrang¬ 
ing  in  trays  on  tables  F,  12  min./carton;  inspection,  1  min./carton;  packing,  8  inin./carton; 
cleaning  and  sweeping  of  shop,  30  min./day. 

Assume:  6-day  week,  8  hr.  a  day  on  weekdays,  5  hr.  on  Saturdays.  IsTo  dough  can  be  left 
overnight. 

Your  Task: 

(i)  Draw  an  operation  process  chart. 

(ii)  Draw  a  flow  diagram  (as  in  Fig.  7-10  in  Chapter  7)  of  pr^nt  layout 
(scale  ^  inch  to  1  foot). 

(iii)  Discuss  the  present  layout.  Suggest  a  new  layout  and  draw  a  flow  diagram. 
Suggest  suitable  place  for  running-water  basins. 

(iv)  Draw  activity  machine  charts  for  C,  D,  E,  H. 

(v)  Calcxilate  the  maximum  possible  output  with  pr^ent  equipment. 

(vi)  Calculate  the  total  time  per  carton,  per  day,  per  week,  spent  on  handling, 

(vii)  How  many  operators  should  be  engaged  to  produce  the  production  figure 

found  in  (v)? 

(viu)  Discuss  means  of  increasing  the  maximum  produ<;tion  figure  found  in  (v). 

9.  In  the  shop  described  in  Problem  8,  it  is  required  to  produce  four  different 

products: 

JProduct  I :  About  50  per  cent  of  total  volume;  operation  times  as  above.  Product  requires 
rolling  in.  Rolling  Machine  El. 


K 

A 

T 

B 

B 

C 

0 

[fj 

o 

nn 

G  rm  / 

1_ 

—  30  ft. - >i 

Figure  12-29. 

A  small  plant  far 
making  biscuits 
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Prcdmct  II:  About  20  per  cent  of  total  volume;  requires  rolling  in  El. 

0>p&x^iom: 

Premixing  8  min. 

Second  addition  of  materials  to  mixer  1  min. 

Mixing  6  min. 

Additional  work  in  decoration  10  min. /carton 

Baking  60  min. 

Prodmci  III:  About  20  per  cent  of  total  volume;  requires  forming  in  E2. 

Opemiims: 

Mixing  As  No.  I 

Additional  work  in  decoration  8  min./carton 

Baking  60  min. 

Product  IV:  About  10  per  cent  of  total  volume;  requires  forming  in  E2. 

Operations 

Mixing  10  min. 

Baking  30  min. 

Note:  Baking  temperature  is  appreciably  higher  here  than  that  required  for  products 

I,  n,  in. 

Addiiimml  Data:  Mixer,  roEing,  and  fonning  machines  need  cleaning  (5  min.)  when  changing 
from  one  product  to  the  other.  Oven  needs  10-min.  temperature  adjustment  period  when 
switching  from  product  lY  to  the  othera,  and  vice  versa. 

Fofir  Task: 

(i)  Determine  the  weekly  production  schedule.  Draw  weekly  machine  activity 
charts.  Find  the  total  weekly  output  and  the  percentage  of  total  of  each 
product. 

(ii)  The  most  costly  equipment  involved  is  the  oven.  Suggest  means  of  utilizing 
this  equipment  to  its  maximum.  Repeat  (i)  for  this  revised  method. 

{iii)  For  (h)  find  the  number  of  operators  required  and  draw  their  activity 
charts. 


10.  A  product  is  inanufactured  through  ten  operations  in  the  following  sequence; 

Op.  No.  Machine  Operation  Time  (min.) 

1  1  3.0 

25  2  4.2 

3  3  6.0 

4  4  1.2 

5  5  0.6 

6  6  3.6 

7  7  6.0 

8  8  2.4 

9  9  3.0 

10  10  1.8 

If  the  product  is  manufaetuiod  on  a  flow  basis,  the  demand  by  the  store 
being  1,600  piec^  per  week,  suggest  nmchine  balancing  for  miTiiTrinTn  costs 
per  piece,  amuming: 

(i)  The  COTt  per  machine  is  virtually  the  same  when  it  is  iniiiining  or  idle. 

(ii)  An  operator  (^n  supervise  no  more  than  four  machines,  which  may 
belong  either  to  one  operation  in  the  flow  sequence  or  to  two  successive 
operations  in  the  sequence  (e.g.,  he  is  allowed  to  supervise  two 
machine  on  operation  5  and  two  on  operation  6  but  not  two  on  5, 
one  on  6,  and  one  on  7,  or  two  on  5  and  two  on  7). 

(iii)  Labor  overtime  costs  50  per  cent  more  than  regular  time. 


Mmhine  Gapmity  331 


11.  Two  products  are  produced  in.  a  plant  where  five  processes  are  mainly  employed. 
The  maximum  output  in  units  per  day  for  each  process  when  employed  for 
one  product  only  is  given  in  the  following  table: 


Process 

Product  1 

Product  2 

I 

300 

100 

II 

200 

— 

ni 

120 

_ 

IV 

100 

200 

V 

200 

150 

(i)  Describe  graphically  the  maximum  plant  capacity  for  any  combination 
of  quantities  of  products  1  and  2  in  the  schedule. 

(ii)  Find  the  efficiency  for  each  process  as  the  quantity  produced  of 
product  1  varies  firom  0  to  maximum. 

(iii)  If  the  profit  per  imit  is  |4.00  for  product  1  and  ^3.20  for  product  2, 
find  the  point  at  which  profit  would  be  maximum.  Show  the  profit 
function  in  a  three-dimensional  system. 

(iv)  A  sum  of  money  is  available  for  expansion  of  the  processes,  aod  if 
spent  only  on  one  process  at  a  time,  the  maximum  output  of  proce^  I 
could  be  increased  by  30  per  cent,  proems  II  or  m  by  20  per  cent, 
process  lY  by  40  per  cent,  and  process  V  by  10  per  cent.  A^uming 
that  a  proportion  of  this  investment  on  one  proc^  would  yield  the 
same  proportion  of  increased  output  (e.g.,  if  hdf  the  money  is  spent  on 
process  I  and  the  other  half  on  proce^  H,  the  maximum  outpute 
would  be  increased  by  15  per  cent  and  10  per  cent  r^pectively),  how 
should  this  money  be  spent  in  order  to  increase  the  profit  as  much  as 
possible? 

12.  Three  products  processed  through  three  departments  have  the  following 
maximum  output  figures  (units  per  week): 


Department 

1 

Product 

2 

3 

I 

5,000 

8,000 

10,000 

n 

7,500 

4,000 

3,(K>0 

III 

4,500 

4,000 

4,000 

(i)  Show  the  mfl.yiTrmm  capacity  surface  in  a  three-dimensional  model. 

(ii)  If  the  profi.ts  per  unit  are  $5.00  for  product  1,  $6.00  for  product  2, 
and  16.50  for  product  3,  calculate  the  profit  for  the  comer  points  of 
this  surface  and  determine  the  optimal  one. 

(iii)  It  has  been  suggested  that  the  capacity  of  department  III  should  be 
doubled  (by  adding  another  production  line).  What  are  your  views? 

(iv)  There  is  chance  that  department  I  wiU  get  a  contract  from  another 
factory  to  process  2,000  pieces  a  week.  Is  this  desirable?  WTiat  effect 
would  this  have  on  your  considerations  above? 

13.  A  factory  produces  w  different  kinds  of  skirts  and  m  different  blouses,  which 
can  be  marketed  either  separately  or  in  “sets,”  each  set  comprising  one  skirt 
and  one  blouse.  The  number  of  possible  sets  is  nm.  The  sal^  department 
recommends  that  there  should  be  at  least  4  different  skirts,  12  blouses,  and. 
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16  sets,  and  it  is  estimated  that  the  total  number  of  skirts  required  for  the 
market  during  the  period  under  consideration  is  between  4,000  and  6,000, 
and  the  total  number  of  blouses  reqxiired  is  between  8,000  and  12,000.  It  is 
further  known  that  design  costs  for  a  skirt  amount  to  1 200  and  design  costs 
for  a  blouse  to  $300,  but  total  design  costs  should  not  exceed  $5,000. 

If  the  profit  per  blouse  is  $4.00  and  the  profit  per  skirt  is  $5.00,  irrespective 
of  whether  they  are  marketed  separately  or  as  a  part  of  a  set, 

(i)  Express  the  above  restrictions  in  algebraic  form. 

(ii)  Find  the  optimal  point  for  maximum  profit.  How  many  skirts  and 
blouses  (number  of  models  and  quantities)  should  be  planned? 

(iii)  If  the  profit  per  “set”  is  $10.00,  how  would  your  former  conclusions 

be  affected? 

(iv)  Due  to  reoiganization  of  the  plant,  the  production  department  esti¬ 
mate  that  maximum  plant  capacity  will  be  12,000  units  (irrespective 
of  whether  these  are  blouses  or  skirts).  Reconsider  (i),  (ii),  and  (iii)  in 
the  view  of  this  new  restriction. 

14.  (a)  Referring  to  Fig.  12-25,  plot  the  change  in  profit  for  points  2,  3,  4  when 
ZAfSB  is  varied  between  0.1  and  5.0  (the  profit  at  point  3  when  za/^b  =  0.67 
is  to  be  taken  as  100).  (b)  For  Fig.  12-26: 

(i)  Find  the  optimal  profit. 

fii)  Find  the  point  of  full  plant  capacity  that  would  yield  a  profit  of  $4,000. 

(iii)  Plot  the  change  in  profit  along  the  line  4-5. 

15-  A  plant  is  engaged  on  the  production  of  five  products,  which  are  preceded 
through  three  dep^artments;  the  number  of  hours  required  to  finish  each  is 
indicated  in  the  table: 

Max,  Pts. 


Department 

1 

2 

Product 

3 

4 

5 

Available 
per  Week 

I 

0.7 

0,8 

4.0 

0.5 

1.2 

160 

n 

0.8 

1.2 

3.2 

0.8 

1.2 

160 

m 

1.5 

1.7 

5.0 

0.6 

1.0 

160 

(i)  If  the  profit  for  the  producis  is  $6.00  for  a  unit  of  products  1,  2  but 
only  $4.00  for  the  others,  what  quantities  per  week  should  be  planned 
to  optimize  profit? 

(ii)  If  ihe  cost  per  hour  in  department  I  is  $20;  in  department  II,  $40; 
and  in  department  HI,  $50,  what  quantities  should  be  planned  to 
minimize  the  cost  of  production?  Compare  your  results  with  those 
obtained  for  (i). 

16.  (i)  A  production  engineer  was  faced  with  the  problem  of  evaluating  operational 
costs  of  a  new  machine,  where  the  following  data  were  given:  The  effective 
life  of  the  machine  is  E  days,  after  which  major  cleaning  and  repairs  have 
to  be  undertaken.  The  effective  time  can  be  expressed  a,s  E  =  i  +  ai,  where 
i  is  the  idle  time,  f  the  running  time,  and  a  a  factor  that  allows  for  quicker 
wear  of  the  machine  when  running.  If  the  operation  costs  (including  main¬ 
tenance)  of  the  machine  is  g  dollars  per  day  when  it  is  running,  and  h  dollars 
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per  day  when  it  is  idle,  find  an  expression  for  the  average  operational  costs 
per  day  as  a  function  of  t. 

(ii)  The  engineer  was  asked  to  select  one  of  two  machines,  the  initial  cost 
of  which  was  the  same,  and  the  effective  life  being  1,000  days  for  each;  the 
other  data  were  as  follows: 

Machine  A  Machine  B 

Operation  costs  when  running, 

S/day  g  =  20.00  30.00 

Operation  costs  when  idle, 

S/day  h  =  2.00  1.00 

Life  factor  a  =  2.50  2.00 

If  the  machine  is  known  to  run  20  per  cent  of  the  time,  which  one  should  the 
engineer  select  to  have  lower  average  operational  costs  per  day? 

(iii)  At  what  percentage  of  ininning  time  are  the  two  machines  equal  as 
far  as  operational  costs  per  day  are  concerned?  Which  machine  should  then 
be  selected? 


13 

SCHEDULING 


Scheduling  is  the  iSnal  stage  in  production  planning,  the  stage  at  which  all  the 
production  activities  are  coordinated  and  projected  on  a  time  scale.  A  produc¬ 
tion  schedule  is  in  fact  a  timetable  that  tells  us  what  machine  or  department 
should  be  doing  what  and  when. 

It  was  pointed  out  in  the  preceding  chapter  that  machine  loading  and  schedul¬ 
ing  is  a  procedure  with  which  we  try  to  match  the  requirement  set  out  in  the 
production  order  (quantities,  dates  of  delivery)  with  the  available  facilities. 
There  may  be  several  ways  in  which  the  requirements  can  be  met,  several  ways 
of  routing  the  products  through  machines  or  processes,  of  determining  the  se¬ 
quence  of  products  and  a  priority  scale,  of  determining  when  and  how  to  expand 
facilities  by  use  of  overtime.  That  method  which  (after  an  appropriate  analysis) 
is  found  to  be  the  most  satisfactory  is  formulated  as  a  production  schedule. 

How  is  the  best  method  selected?  The  very  act  of  differentiating  between 
better  and  worse  methods  implies  that  we  have  a  measure  of  effectiveness,'  a 
criterion  with  which  each  solution  can  be  quantitatively  compared  and  evalu¬ 
ated.  Usually  this  criterion  is  based  on  costs,  and  the  solution  that  ensures  the 
attainment  of  the  objectives  of  the  production  order  at  the  lowest  possible  costs 
is  considered  the  best  one. 


Forms  of  Schedules 

In  what  form  should  a  production  schedule  be  presented?  This  depends  on  the 
purpose  of  the  schedule.  Several  forms  can  be  found  in  this  book,  some  of  which 
were  discussed  in  previous  chapters. 

1.  A  production  flow  program  (see  Figs.  9-7  and  9—8):  If  a  number  of  com¬ 
ponents  or  assemblies  have  to  be  manufactured  for  the  final  assembly  line  and 
these  components  are  to  be  made  concurrently,  the  master  flow  program  takes 
into  account  the  sequence  of  operations  and  indicates  when  work  on  each 
component  should  start,  in  order  to  comply  with  the  required  date  for  completion 
of  the  product. 

2.  A  production  master  program  for  integratiTig  work  on  targe  objeds  (see  Figs. 
9—10  and  9—11):  This  program  is  particularly  useful  in  cases  of  static  layouts 
where  the  tools,  materials,  machines,  and  teams  of  operators  flow  from  one 
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object  to  another,  and  it  is  extremely  important  to  coordinate  the  activities  of 
these  facilities  by  appropriate  phasing. 

3.  A  cufnulative  output  progress  chart  (as  in  Fig.  9-9):  When  a  new  job  under¬ 
taken  is  likely  to  last  for  several  months  or  years,  the  program  must  take  into 
account  the  initial  period  required  for  preparation  and  the  incremental  change 
in  the  rate  of  production  due  to  the  learning  curve.  This  rate  is  normally  reduced 
toward  the  end  of  the  job,  to  allow  for  gradual  phasing  out,  and  the  effect  of 
changes  in  the  projected  rate  of  production  on  the  output  is  clearly  indicated  in 
the  cumulative  output  progress  chart. 

4.  h  outline  master  program,  (as  in  Fig.  12-1) :  This  program  merely  translates 
the  general  requirements  specified  by  the  sales  department  and,  like  that  in 
Fig.  9-7,  it  is  useful  as  a  basis  on  which  final  and  detailed  schedules  can  be 
worked  out, 

5.  A  schedule  for  breakdomn  of  orders  (such  as  Fig.  13-1):  This  is  another  form 
of  expressing  the  rate  at  which  the  work  should  progress,  and  it  is  particularly 
useful  in  decentralized  scheduling  because  it  specifies  only  quantities  and  the 
dates  on  which  they  should  be  completed.  In  other  words,  it  indicates  production 
targets,  but  it  does  not  suggest  how  they  can  be  achieved,  and  the  responsibility 
for  planning  the  activity  of  the  production  center  related  to  the  appropriate 
target  rests  with  the  production  department  in  question. 
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Figure  13—1.  MreahdoMtm  of  a  production  order  into  intermediate  targets* 


Schedulmg  337 


6.  A  cycle  schedule  (as  in  Figs.  14-2  and  14-3) :  If  the  plant  is  engaged  on  batch 
production  in  a  cyclic  fashion,  this  schedule  shows  how  the  cycle  time  is 
distributed  between  the  various  products. 

7.  A  detailed  schedtde  (as  in  Fig.  13-2):  This  shows  in  a  planned  multiactivity 
chart  how  the  facilities  should  actually  be  employed  during  the  production 
period.^ 
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Figure  13-2.  An  example  of  a  detailed  schedule* 


Loading  and  scheduling 

The  responsibility  for  loading  and  scheduling  may  rest  either  mth  the  central 
statistics  office  of  the  production  planning  and  control  department  or  with  the 
manufacturing  departments,  depending  on  whether  production  scheduling  is  a 
centralized  or  decentralized  functfon.  The  tendency  to  decentralize  scheduling 

1  A  production  period  may  be  defined  ^  that  interval  of  time  for  which  a  detailed  produc^ 
tion  program  is  prepared,  foEo-wed  by  another  such  period  for  which  a  separate  plan  is  worked 
out.  This  period  is  usually  selected  to  cover  easily  handled  time  units,  such  as^a  week,  tour 
weeks  (which,  incidentally,  is  preferable  to  a  calendar  month,  since  each  period  can  start 
on  a  Monday  and  all  periods  are  equal  in  length),  eight  weeks,  etc. 
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in  the  case  of  process  plant  layouts  perhaps  stems  from  the  fact  that  production 
department  supervisors  are  better  acquainted  with  what  goes  on  in  their  own 
domains  and  are  therefore  more  likely  than  the  central  planning  office  to  produce 
a  workable  schedule.  With  the  use  of  more  mathematical  techniques  in  con¬ 
structing  optimal  schedules  and  with  the  introduction  of  computers  to  central 
planning  offices,  it  is  quite  likely  that  the  trend  will  be  reversed  and  centralized 
scheduling  will  become  more  common,  so  that  production  facilities  can  be  made 
better  use  of. 

Techniques  leading  to  the  formulation  of  production  schedules  depend  on  the 
t^qje  of  production,  type  and  frequency  of  jobs,  demand  patterns,  and  flexi¬ 
bility  offered  by  available  processing  time.  Scheduling  problems  vary  in  charac¬ 
ter  and  m  complexity  and  very  often  several  techniques  in  mathematical  pro¬ 
graming  have  to  be  combined  to  tackle  any  particular  situation.  Furthermore, 
scheduling  problems  are  often  d^mamic  in  character.  Situations  in  which  the 
governing  parameters  remain  unchanged  and  call  for  a  static  schedule  are 
rather  rare.  As  time  passes,  requirements  often  fluctuate  and  vary  in  character, 
the  facilities  and  their  capabilities  change,  and  with  these  changing  circum¬ 
stances  the  problem  has  to  be  continuously  restated  and  resolved.  An  interesting 
example  to  illustrate  the  intricate  problems  that  may  arise  in  production  schedul¬ 
ing  and  inventory  control  was  cited  by  Cinch  Manufacturing  Corporation, 
Oiicago.  The  company  reported^  in  1957  that  it  made  25,000  different  types  of 
electronic  and  automotive  hardware  components.  Approximately  5,000  orders 
had  to  be  processed  per  month  (or  250  per  day),  of  which  20  per  cent  were  rush 
orders  (15  per  cent  received  over  the  telephone  plus  5  per  cent  by  cables),  60  per 
cent  were  required  within  one  to  three  weeks,  and  20  per  cent  within  one  to  three 
months.  As  some  SO  per  cent  of  the  sales  were  to  the  electronic  industry,  in 
which  frequent  changes  in  designs  and  specifications  are  fairly  common,  the 
orders  included  many  variations  of  the  same  products,  and  inventory  problems 
became  rather  formidable. 

Basic  scheduling  prohlems 

Some  of  the  basic  scheduling  problems  to  be  found  in  literature  include : 

Flow  production  scheduling  for  fluctuating  demand  (sometimes  referred  to  as 
smoothing  problems) 

Batch  production  scheduling,  when  products  are  manufactured  consecutively 

The  assignment  problem 

Scheduling  orders  with  random  arrivals 

Product  sequencing 

Let  us  now  examine  these  problems  in  some  more  details. 


2  Case  studio  in  production  forecasting,  planning  and  control,”  American  Manu¬ 
facturing  Association,  manufacturing  series  No.  223,  1957. 
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Flow  Production  Scheduling  for  Fluctuating  Demand 

When  the  sales  of  a  certain  product  are  subject  to  seasonal  fluctuations^ 
management  may  decide  to  meet  the  demand  in  one  of  the  following  ways: 

1.  Ham  a  static  production  program,  coupled  with  an  inyentory  large  enough 
to  satisfy  the  fluctuating  demand.  The  inventory  level  would  fluctuate  according 
to  the  demand  pattern,  replenishment  being  provided  by  a  constant  flow  from 
the  plant.  This  method  is  greatly  favored  by  the  production  department,  since 
it  simplifies  planning,  ensures  higher  machine  utilization,  allows  better  super¬ 
vision  and  control,  and  promotes  a  sense  of  security  among  the  workers.  Average 
stock  level  is  high,  however,  thus  tying  up  capital  and  involving  high  carrying 
costs. 

2.  Have  a  fluctuating  production  program,  to  cater  to  the  changing  demand,  and 
keep  a  constant  inventory  level.  The  purpose  of  the  inventory  in  this  case  is  to 
provide  a  safety  cushion  between  production  and  marketing.  Any  change  in  the 
demand  pattern  requires  a  certain  time  lag  before  production  can  follow  suit, 
and  the  safety  stock  enables  management  to  satisfy  demand  in  the  interim 
period.  The  stock  level  does  not,  strictly  speaking,  remain  constant,  but  the 
fluctuations  and  the  average  stock  level  are  faMy  low,  compared  with  the 
previous  method. 


Figure  13—3.  A  graphical  presentation  of  flotc  production  by  neticork  floic. 

3.  Have  a  combination  of  the  two  systems,  so  as  to  bring  the  total  costs  to  a 
minimum.  The  problem  is,  therefore,  to  achieve  a  proper  balance  bet’ween  the 
amount  of  fluctuations  in  the  production  program  and  those  of  the  stock  level. 

This  problem  of  production  for  fluctuating  demand  may  be  illustrated 
graphically  as  a  network  flow.^  Sales  forecasting  and  production  planning  are 

®  Suggested  by  Te  Chiang  Hu  and  W.  Prager  in  tbeir  paper  “Network  analysis  of  produc¬ 
tion  smoothing”  (Naval  Research  Logistics  Quarterly,  March,  1959). 
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broken  down  into  periods  (as  we  have  seen  in  the  schedules  in  Figs.  9-9  and 
13-1).  The  netivork  consists  of  a  chain  of  identical  units,  each  unit  representing 
one  for  production  and  the  other  for  inventory.  The  flow  in  the  network  is  as 
indicated  by  the  arrow^s  in  Fig.  13-3  (in  which  the  Mh  time  period  is  shown),  and 
the  flow  must  always  be  positive.  A  certain  amount  of  production  capacity  is 
carried  over  through  the  productive  flow  line  from  the  preceding  period.  At  the 
beginning  of  the  period  one  can  plan  to  increase  the  capacity  (by  adding  labor, 
machines,  overtmie,  subcontracting)  or  to  reduce  it  (by  low^ering  the  labor  force, 
etc.).  The  output  flows  into  the  inventory  line,  from  which  a  certain  quantity  is 
tapped  out  for  sale.  For  the  sake  of  simplicity  it  has  been  assumed  in  Fig.  13-3 
that  the  output  of  the  Mh  period  reaches  the  inventory  flo'w  line  only  at  the  end 
of  the  period  and  that  the  sales  volume  of  the  period  also  leaves  at  the  end  of  the 
period,  but  modifications  to  this  graphical  model  can  easily  be  incorporated 
whenever  necessary. 


60  60  60  60  60  60  60  60  60 


Figure  13-4.  Policies  in  analyzing  production  smoothing  problems: 

(a)  A  static  production  program. 

(b)  A  static  inventory  program. 

(e)  A  combination  of  (a)  and  (b). 

At  any  point  of  intersection  in  the  network  we  must  have  equilibrium  of  flow; 
namely,  the  flow  into  the  intersection  is  equal  to  the  flow  coming  out  of  it.  On 
the  production  flow  line:  (previous  capacity)  -j-  (any  increase)  —  (nny  decrease) 
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=  (output)  =  (capacity  carried  over  to  the  next  period).  On  the  inventory  line: 
(previous  inventory)  +  (output)  =  (sales)  -}~  (inventory  carried  over  to  the 
next  cycle). 

Bearing  these  conventions  in  mind,  we  can  omit  any  arrows  in  drawing  the 
netw^ork  and  indicate  only  the  quantities  in  each  branch,  as  shown  in  Fig.  13-4. 
The  first  policy  mentioned  above  for  coping  with  fluctuating  demand  (namely, 
that  of  a  static  production  program)  is  illustrated  in  Fig.  13-4a.  The  bottom 
figures  indicate  the  sales  volumes,  and  wliile  the  flow  in  production  line  remains 
constant,  the  inventories  fluctuate  considerably.  Figure  13-4b  illustrates  the 
second  policy  of  a  constant  inventory  level,  while  Fig.  13-4c  shows  one  possible 
combination. 

Production  loading^ 

Suppose  there  are  n  periods  in  our  planmng  program,  the  expected  sales 
volumes  during  each  period  being  Si  (for  period  1),  S^,  S^,  • .  • ,  S„.  The  quantities 
actually  produced  are  Qi,  •  •  • »  Qn-  If  assume  that  a  quantity  produced 
during  a  period  (say,  one  week)  becomes  available  to  the  sales  department  only 
at  the  end  of  the  period,  w^e  must  have  some  mitial  stock  Qq  to  start  with,  other¬ 
wise  the  demand  during  the  first  period  cannot  he  met.  The  inventory  level 
available  is  Qq  at  the  beginning  of  the  first  period,  Qq  +  Qi  at  the  beginning  of 
the  second,  +  •  •  •  +  begimiing  of  the  ith  period,  etc. 

If  the  cost  of  carrying  one  unit  in  stock  for  one  period  is  Cq,  the  cost  of  a  unit 
carried  from  the  initial  stock  Qq  to  the  ith  period  would  be  Wq]  the  cost  of  a  unit 
produced  in  the  first  period  and  carried  to  the  ith  period  would  be  (i  l)Co?  etc. 
These  unit  costs  are  shovm  in  Table  13—1,  where  is  the  cost  of  producing  one 
unit,  and  it  was  assumed  in  the  table  that  this  does  not  change  from  period  to 
period.  Suppose  now  that  is  the  cost  incurred  by  use  of  regular  time;  but  if  we 
have  to  use  overtime,  the  cost  wculd  be  per  unit,  and  if  we  have  no  more 
overtime  available  (or  are  reluctant  to  use  it),  we  can  still  subcontract  some  of 

Table  13-1 
Unit  Cost 

(Carrying  Costs  and  Regular  Time) 
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^  The  remainder  of  this  section  may  be  omitted  at  first  reading. 
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the  production  Yolnine  at  the  cost  of  per  unit.  We  can  easily  construct  two 
more  tables  (similar  to  Table  13-1),  one  for  the  use  of  overtime,  one  for  the  use 
of  subcontracting. 

Table  13-2  shows  the  quantities  obtained  from  the  various  sources:  is  the 

quantity  in  period  1  from  regular  time;  Q12  is  obtained  in  period  1  from  overtime; 
^13  is  still  in  period  1  but  from  subcontracting.  The  cost  of  producing  in 

period  1  is  ^ 

^Qll  “f"  ^2^12  "b  ^3^13 


Table  13-2 
Quantities 
Sales  Periods 


Toted 


(Initial  inventory) 
Production  periods 

(a)  m  Cc| 
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n 
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+  ^22  ■r  ^23 

3.  4- 

Qx 

Qt 

Qs 

+  -^1  +  Gj 
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Qn 

-^n  +  +  G^ 

equirements 

Si 

s,  ; 

Sn 

Note:  (a)  regular  time;  (b)  overtime;  (c)  subcontracting. 


The  total  cost  of  production  is  therefore 

n  3 

1=1  i=i 

The  inventory  cost®  in  the  first  period  is  Cq{Qq  —  S^)  and  in  the  second  period, 
^q(Qq  +  Qi  ~  Sj  ~  ^2),  the  total  cost  of  carrying  the  inventory  being 
J^ii  =  clniQ,  -  S^)  +  {n-~  l)(Q^  -  +  {n  ~  2){Q2  -  ^^3) 

+  •••  +{Qn-l-S^)]  (13-2) 

where  Q.^  =  -f 

Q2  —  Q21  "T  ^22  'T'  '$23 


Qn  —  Qnl  ~r  $fi2  +  QnZ 

We  have  to  find  such  values  for  $^3,  etc,,  that  would  reduce  to  a 

minimum,  but  at  the  same  time  we  have  to  comply  with  restrictions  of  capacity. 

®  It  is  a^umed  in  this  expression  that  inventory  charges  are  payable  only  per  unit 
remaining  in  the  store.  If,  however,  the  cost  is  proportional  to  the  time  a  unit  remains  in 
stock,  the  cost  for  the  first  period  would  be  c^x  average  number  of  units  in  stock.  For 
approximately  linear  consumption  during  the  period,  this  would  be  Cq{Qq  ~  iS^). 
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The  total  amount  produced  on  regular  time  should  not  exceed  during  period 

during  period  2,  etc.  The  restrictions  on  overtime  are  for  period  1, 

jBg  for  period  2,  etc.,  and  on  subcontracting  it  is  Ci,  . . .  (as  indicated  in 
Table  13-2). 

This  is  a  linear  programing  problem.  Furthermore,  it  was  pointed  out  by 
E.  H.  Bowman®  that  Table  13-1  is  a  typical  transportation  cost  table,  the  values 
in  each  cell  being  the  costs  to  “ship”  a  unit  from  a  certain  production  period  to  a 
sales  period.  Some  of  the  cells  do  not  exist  (marked  by  dashes  in  Table  13-1), 
since  it  is  impossible  to  produce  something  in  the  second  period  and  sell  it  in  the 
first.  The  formulation  of  the  problem  as  one  of  the  transportation  type  has  great 
advantages  in  actual  computations,  since  the  normal  linear  programing  problem 
solved  by  the  simplex  method  usually  requires  longer  time  for  calculations. 

Multiproduct  Scheduling  in  Batch  Production 

If  the  rate  of  production  is  higher  than  the  rate  of  consumption,  the  plant  has 
to  resort  to  batch  production,  and  if  the  available  time  is  to  be  fully  utilized,  the 
plant  must  undertake  to  produce  several  products  in  succession.  The  procedure 
becomes  as  follows:  The  plant  is  fully  engaged  in  producing  one  product  until  a 
certain  predetermined  inventory  level  is  attained,  and  then  it  proceeds  with  the 
production  of  another  product.  When  the  second  product  is  produced  in  suffi¬ 
cient  quantities,  the  plant  proceeds  to  the  third  product,  and  so  on.  In  the 
meantime,  the  stock  level  of  the  first  product  slowly  declines  owing  to  the  regular 
consumption  rate,  until  such  a  level  is  reached  that  the  plant  must  start  again 
on  that  product  so  that  the  sales  department  will  be  able  to  meet  the  demand 
for  it. 

The  problem  may  therefore  be  defined  as  follows:  The  plant  is  producing  n 
products  one  at  a  time,  and  the  manufacturing  cycle  is  concluded  when  all 
products  have  been  produced,  so  that  the  cycle  length  is  determined  by  the  total 
time  required  to  produce  all  products  in  the  cycle.  The  quantities  produced 
must  be  such  that  they  will  cater  to  this  cycle  time  precisely;  otherwise  the  plant 
win  either  run  out  of  stock  prematurely  or  have  excessive  stocks  which  have  to 
be  carried  over  to  the  next  cycle.  At  the  same  time,  the  quantities  are  governed 
by  the  batch  production  theory  presented  in  Chapter  10.  The  problems  that  we 
have  to  analyze  are  therefore: 

How  to  go  about  optimizing  the  whole  schedule,  i.e.,  the  whole  cycle,  rather 
than  one  product  at  a  time. 

What  criterion  should  be  used  for  optimization? 

Does  the  optimized  schedule  specify  quantities  for  the  individual  products 
that  are  compatible  with  the  optimal  batch  sizes  computed  by  the  methods 
in  Chapter  10? 

If  not,  how  C801  the  two  objectives  be  bridged? 

®  E.  H.  Bowman:  Production  scheduling  by  the  transportation  method  of  linear  pro¬ 
gramming  (J.  Operations  Research  Society,  February,  1956). 


Table  18-^8 

Astilgiinneiit  of  n  Products  to  tn  Machines 
Mutvim  Table  of  Ouantliies  Produced  and  Pates  of  Production 

Product  Number 


344 
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These  problems,  which  are  an  extension  to  the  batch  production  theory,  are 
fully  discussed  in  Chapter  14  together  with  a  computational  example,  since 
space  and  the  somewhat  special  nature  of  these  problems  do  not  allow  their 
inclusion  in  this  chapter. 

A  more  intriguing  and  complex  situation  occurs  when  products  are  manu¬ 
factured  on  a  batch  basis,  some  consecutively  and  some  concurrently,  with 
production  time  overlapping  to  a  varying  degree.  This  problem  calls  for  a 
combination  of  linear  programing  and  the  techniques  suggested  in  the  next 
chapter,  but  this  is  beyond  the  scope  of  the  present  volume. 


The  Assignment  Problem^ 

In  the  case  of  job  or  batch  production  an  array  of  tasks  is  defined  at  the 
beginning  of  a  production  period,  and  these  tasks  have  to  be  performed  by  use  of 
available  processing  time  of  several  facilities.  The  problem  is  to  assign  the  tasks 
to  the  machines  or  to  the  operators  in  such  a  manner  as  to  minimize  the  cost  of 
processing  time  during  the  period. 


Distribution  according  to  capacity 

The  assignment  problem  is  obviously  related  to  the  effective  utilization  of 
process  capacity,  and  in  that  respect  it  is  similar  to  the  problem  of  determining 
the  best  "‘mix”  (i.e.,  proportion)  of  products  in  a  production  program,  which  was 
referred  to  in  the  last  chapter.  However,  now  the  requirements  are  given,  and 
there  is  no  question  of  changing  the  quantities  to  obtain  a  better  ”mix.  What  we 
are  required  to  do  is  assign  these  given  tasks  to  the  available  machines,  huppose 
there  are  n  products  to  be  made  in  the  next  production  period,  the  quantities 
being  . .  . ,  respectively.  There  are  m  machines  or  processes  on  which  these 

products  can  be  manufactured;  hence  the  rate  of  production  and  cost  of  operat¬ 
ing  the  machines  may  differ.  If  product  1  is  distributed  among  the  machines  so 
that  Qi  1  is  the  quantity  produced  on  the  first  machine,  quantity 

produced  on  the  second  machine,  etc.,  then  the  total  requirement  for  product 
1  is  ™ 

Qi  =  Qi,i  +  Qi,2  +  *  •  •  +  Qij  +  *  •  *  +  Qi,m  =  ^Qij 

i=i 

Similarly,  the  other  products  are  distributed  among  the  m  machines,  as  shown 
in  Table  13-3.  Each  column  shows  the  distribution  of  a  certain  product  to  m 
machines,  and  each  row  shows  the  assignment  of  n  products  to  a  certain  machine. 
Thus,  machine  1  will  produce  of  product  1 ;  Q2,i  of  product  2;  Qs,i,  of  product 
3;  etc.  The  total  time  loading  on  machine  1  is 


^  This  section  may  be  omitted  at  fiist  reading. 
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where  is  the  rate  at  'which  machine  1  can  produce  product  i.  But,  since  the 
capacity  of  the  machines  is  restricted,  the  total  loading  should  not  exceed  the 
maximum  capacity  -4^  of  machine  1,  or 


1=1 

and  likewise  for  machine  2, 


K 


i=l 


and  in  general,  for  machine 


n 


1=1 


(13-3) 


(13^) 


Furthermore,  the  quantities  produced  must  be  positive: 


Qi,i  ^  0  (13-5) 

If  our  object  is  to  minimize  the  cost  of  production,  and  if  the  cost  of  producing 
one  unit  of  product  i  on  machine  J  is  the  function  to  minimize  is 

H  m  j 

^=22  Ci^jQi.j  =  minimum  (13-6) 

1=1  j=j 

and  this  minimum  must  be  found  subject  to  the  restrictions  stated  earlier.  This 
is  a  linear  programing  problem  that  may  be  solved  by  the  simplex  method. 


€mt  of  operating  production  facilities 

Very  often  the  cost  of  operating  a  machine  may  be  solely  dependent  on  the 
time  it  is  kept  busy,  irrespective  of  which  product  is  actually  produced.  If  is 
the  cost  per  unit  time  (hour  or  day)  of  actively  using  machine  1,  the  total  cost 
for  machine  1  is 


n 


t=l 

The  total  cost  function  for  all  the  machines  is 


or,  in  short: 


1=1 


n 


i=l 


n 


1  =  1 


c  = 


I 


n 


Qi,s 


minimum 


(13-7) 
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This  expression  simply  means:  Find  the  total  time  each  machine  will  he  engaged 
on  production,  multiply  this  time  by  the  appropriate  cost  per  unit  time  of  using 
the  machines,  and  add  all  these  costs  terms  for  all  the  machines  to  obtain  the 
total  costs  for  the  production  period  in  question.  Our  object  is  to  minimize  the 
total  costs. 

Example 

Four  products  have  to  be  processed  through  the  plant,  the  quantities  re¬ 
quired  for  the  next  production  period  being: 

Product  1  2,000  units 

Product  2  3,000  units 

Product  3  3,000  units 

Product  4  6,000  units 

There  are  three  production  lines  on  which  the  products  could  be  processed;  the 
rates  of  production  in  units  per  day  and  the  total  available  capacity  in  hours 
are  given  in  Table  13-^.  The  cost  of  using  the  lines  is  $6CK),  |5W),  |4IX>  per  day. 
respectively. 

Table  lS-4 

Assigntnent  of  Four  Products:  Rates  of  Prodmctiom  in  Units  Per  Rmg 


Production 

Line 

1 


Total 

requirements 

(nxiits) 


Product 

Tfax,  Line 

_  Capacity 

1 

2 

3 

4 

{days} 

150 

100 

500 

m 

20 

200 

100 

760 

400 

20 

160 

80 

800 

600 

18 

2,000 

3,000 

3,000 

6,000 

Formulation  of  the  problem:  The  matrix  of  quantities  produced 


Total  Qi  Qt 
The  total  costs  function  to  minimize  is 

-L.  I  4_ 


Qi,i 

Qt,! 

Qz,l 

^4,1 

Qi,2 

Q%2 

03^2 

§4,2 

Ql^Z 

^2,3 

Qz,z 

§4,3 

Qt 

63 

§4 

500  400 


-f  500 


^2,2  I  Qzi2 

im  760 


Qz,z  I  ^4,3 
800  600 


Cost  of  using  line  1 
Cost  of  using  line  2 
Cost  of  using  line  3 


mimmum 
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the  restrictions  being: 

Qij  +  ^1,2  +  Qi,z  =  Qi  =  2,000 

=  =  3,000 

=  Q^  =  3,000 

...  =Q^  =  6,000 

^1,1  ,  ^2,1  ,  feq  ,  Q4.1  ^  9Q 

150  IW)  ^  500  400 

^1,2  _5_  ^2,2  5  fe,2  I  ^4,2  ^  9Q 

200  ‘  100  760  400  " 

ft,3  I  ^2,3  ,  ^3,3  I  ^4,3  ^  |g 

160  80  800  600 

Also, 

$1,1 5  $1,2  j  '  *  ■  i  $2,1  T  $2,2?  .  -  .  •  $4  3  ^  0 

The  solution  may  now  proceed  according  to  linear  programing  techniques. 

How  to  determine  the  costs  coefficients  c?  Certain  cost  factors  may  be  con¬ 
stant,  irrespective  of  the  process  or  machine  used,  such  as  the  cost  of  materials, 
overhead,  and  to  a  certain  extent  labor  costs.  These  should  not  be  included  in  c; 
only  the  difference  between  the  cost  of  operating  and  not  operating  the  machine 
in  question  should  be  specified  for  this  purpose. 

Effects  of  overtime  or  subcontracting 

Sometimes  the  capacity  of  a  process  or  a  machine  may  be  increased,  say,  by 
employing  overtime  or  by  subcontracting.  But  the  cost  of  employing  extra 
facilities  may  be  higher  than  the  cost  of  using  regular  time.  Thus,  process  1  in 
Table  13-3  has  a  maximum  capacity  of,  say,  A for  wffiich  the  cost  is  c\  per  unit 
time.  If  the  total  capacity  is  used,  we  may  employ  overtime  up  to  an  addi¬ 
tional  capacity  of,  say,  but  this  would  involve  a  cost  of  c"j  per  unit  time.  If 
the  total  capacity  4-  A "4  is  not  adequate  to  cope  vith  the  requirements,  we 
may  be  able  to  increase  the  capacity  even  further  by  subcontracting  up  to  a 
capacity  of  A''\,  but  the  cost  per  unit  capacity  would  now  be  c"\.  This  means 
that  the  first  row  in  Table  13-3  would  be  split  into  three  rows  as  folio w^s: 


Pmdiict 


liacMne  1  12 

Regular  time  Q\.i 
Overtime 

Subcontracting  ^'"2.1 


Max. 

Capacity 

A\ 

A'\ 

A'\ 


In  fact,  what  we  have  done  amounts  to  adding  two  row’^s  to  the  matrix  table. 

The  three  rows  may  be  considered,  for  all  intents  and  purposes,  as  three  different 
processes,  each  with  its  own  capacity  limitations  and  its  own  cost  coefficients. 
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Since  the  cost  of  overtime  and  subcontracting  is  higher  than  that  of  regular  time, 
the  optimal  solution  will  automatically  call  for  A\  to  be  fully  used 
starting  to  draw  on  A'\  and  for  before  starting  to  use  ^4 

The  assignment  problem  in  such  cases  does  not,  therefore,  basically  change, 
only  the  number  of  rows  in  the  matrix  Table  13-3  increases  by  the  additional 
alternatives  that  are  presented. 

Example 

A  plant  produces  two  products  in  flow  production,  and  it  can  increase  t  e 
output  by  use  of  overtime  or  by  subcontracting.  The  data  for  maximum  output 
and  costs  per  unit  are  given  in  Fig.  13-5.  It  is  required  to  show  how  the  products 
should  be  scheduled  in  the  forthcoming  period  in  order  to  reduce  costs  to  a 
minimum,  if  2,000  units  of  each  are  to  be  finished  at  the  end  of  the  period. 


Formulation  of  the  problem:  There  are,  in  fact,  three  facilities;  namelj^ 
regular  time,  overtime,  and  subcontracting.  Table  13-5  gives  t  e  mans 

presentation. 

Table  13-5 


Product  1  Product  2 


Faciiity 
I :  regular  time 
2:  overtime 
3:  subcontracting 
Total  requirements 


Quanta  If 

Maxifnum 

Quantity 

Maximum 

Produced 

Capacity 

Produced 

Capacity 

Qi,i 

1,000 

1,600 

QiA 

800 

Qs,i 

800 

Qia 

2,000 

600 

Qz,z 

2,000 

600 

The  cost  function  to  optimize  is 

G  —  10Qi,i  +  14^1,2  +  -001,3 

+  602,1  +  l-(02,3  +  02,3) 


(=  total  cost  of  product  1) 
(=  total  cost  of  product  2) 
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the  restrictions  being: 

Qi,i  +  Qi,2  +  61,3  ==  2,000 

Q^jl  "T  ^2,2  +  $2,3  2,000 

$1.1  I  ^2,1  ^  1 

i,m  1,600 

($1,3  +  $2,3)  1 

$M  ^  0 

Scheduling  Orders  with  Random  Arrivals 

When  a  plant  is  engaged  on  Job  production  or  on  comparatively  small  batches, 
most  of  which  do  not  recur  in  any  regular  fashion,  production  planning  is  faced 
with  the  problem  of  scheduling  orders  with  random  arrivals.  The  main  difference 
between  this  situation  and  the  one  described  in  the  preceding  problem  is  that 
programing  in  this  case  is  not  geared  to  production  periods.  There  is  no  array  of 
tasks  given  at  predetennined  times  to  be  scheduled  during  subsequent  periods. 
Orders  arrive  at  random  and  have  to  be  scheduled  on  arrival,  so  that  scheduling 
is  a  continuous  process.  When  machine  time  is  available,  the  job  is  immediately 
loaded  on  the  machine;  otherwise,  arriving  orders  have  to  wait  in  a  queue  until 
machines  become  available.  If  the  processes  or  machines  are  not  identical,  the 
jobs  may  be  arranged  in  increasing  order  of  operating  costs  for  the  products 
concerned,  so  that  cheaper  processes  are  used  jSrst;  'when  the  specific  process  or 
machine  capacity  is  exhausted,  the  next  process  is  used,  and  so  on;  the  same 
procedure  would  apply  to  the  use  of  overtime  and  subcontracting. 

Problems  of  random-order  scheduling 

This  situation  is  somewhat  similar  to  conventional  problems  in  queueing;  for 
instance,  the  problem  of  assigning  k  repairmen  to  look  after  n  automatic 
machines.  When  a  machine  stops,  it  demands  the  attention  of  a  repairman,  and 
if  one  is  available,  the  service  is  rendered;  otherwise  the  machine  has  to  wait.  In 
our  case  the  orders  become  eustomere  demanding  service,  and  the  machines  are 
the  ‘Tepairmen,”  or  servers.  However,  queueing  theories  have  not  been  applied 
to  solve  this  scheduling  problem,  mainly  because  it  is  far  more  complex  than  the 
queueing  models  so  far  considered.  Take,  for  example,  the  following  important 
issues: 

The  machines  providmg  the  “service”  are  usually  not  identical.  Some  are 
techmoally  more  suitable  and  more  economical  than  others;  some  may  be 

totally  unsuitable. 
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The  production  time  may  depend  on  the  machine  selected  to  perform  the  Job. 

The  sequence  in  the  queue  may  be  reformed  by  priority  rales,  depending  on 
the  total  length  of  the  queue,  promised  delivery  dates,  penalties,  etc. 

Additions  to  the  queue  are  often  dependent  on  its  length,  the  system  having 
certain  servomechanism  characteristics. 

All  these  problems  make  it  rather  difficult  to  construct  a  mathematical  model 
with  which  the  behavior  of  the  system  may  be  adequately  described  and  with  the 
aid  of  which  optimal  policies  may  be  formulated.  The  most  effective  technique 
in  such  cases  is  that  of  simulation  (sometimes  referred  to  in  literature  as  ‘'system 
simulation’’  or  “monte  carlo  method”). 

The  simulation  technique 

The  simulation  technique  is  useful  in  that  it  allows  us  to  experiment  with  the 
system  on  paper.  With  the  absence  of  a  model  describing  the  behavior  of  the 
system,  we  are  not  qtiite  sure  what  outcome  to  expect  if  we  change  its  operating 
conditions.  Experimenting  with  the  system  itself  may  prove  to  be  too  costly 
both  in  money  and  in  time,  and  indeed  in  many  cases,  far  too  risky.  If,  for 
example,  an  industrial  engineer  suggests  that  as  an  experiment  a  certain  process 
should  be  expanded  in  order  to  overcome  certain  scheduling  difficulties,  and  if  it 
turns  out  that  after  considerable  expense  the  situation  has  not  improved  (or  has 
perhaps  even  deteriorated),  then — well,  the  prospects  of  our  engineer’s  foture 
and  the  frustration  of  management  would  better  not  be  put  in  so  many  words. 

The  engineer  can,  however,  experiment  with  system  on  pa|«r,  without 
interfering  with  the  system  itself  in  any  way.  From  past  history  of  the  system 
and  the  frequency  of  occurrence  of  events,  he  can  “generate”  further  history 
and  observe  how  the  system  would  react  to  any  change  in  the  parameters. 
Very  often  it  is  possible  to  generate  several  years  in  a  matter  of  a  few  hours, 
especially  with  the  aid  of  a  computer,  so  that  one  can  afford  to  run  several 
experiments  at  comparatively  little  cost,  without  having  to  wait  many  months 
or  years  to  ascertain  the  outcome  and  without  running  the  risk  of  leading  the 
enterprise  to  disaster.  By  systematically  changing  each  parameter  at  a  time,  it  is 
possible  to  obtain  a  good  idea  as  to  how  the  system  behaves,  to  find  the  relevant 
parameters  governing  its  reactions,  and  to  determine  what  policies  should  be 
recommended  with  the  view  of  improving  system  performance. 

Example 

Perhaps  the  simplest  way  of  explaining  how  simulation  is  applied  would  be  by 
way  of  an  example.  Suppose  a  plant  receives  orders  every  day,  the  number  of 
orders  ranging  from  one  to  ten.  Records  in  the  order  book  show  that  the 
frequency  of  occurrence  for  one  order  arriving  per  day  has  been  10  per  cent,  and 
so  has  the  frequency  of  two  orders  coming  in  per  day,  three  orders,  etc.  In  short, 
the  distribution  of  the  number  of  orders  per  day  in  the  past  has  been  rectangular, 
with  one  and  ten  orders  as  the  two  extreme  Hmits.  Each  ord^  entails  a  certain 
number  of  machine  hours;  analysis  of  past  records  are  summarized  in  Table  13-6. 
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Table  13-6 


Cumulative 


Machine  Hours  Frequency  { %) 

Machine  Hours 

Frequency  {%) 

0-5 

6 

0-5 

6 

5.01-10 

4 

0-10 

10 

10.01-15 

10 

0-15 

20 

15.01-20 

12 

0-20 

32 

20.01-25 

14 

0-25 

46 

25.01-30 

14 

0-30 

60 

30.01-35 

14 

0-35 

74 

35.01-40 

10 

0-40 

84 

40.01-45 

6 

0-45 

90 

45.01-50 

6 

0-50 

96 

50.01-55 

2 

0-55 

98 

55.01-60 

2 

0-60 

100 

The  cumulative  firequency 

curve  for  machine  hours  per 

order  is  plotted 

13-6.  If  we  assume  now  that  the  same  probabilities  of  the  number  of  orders  per 
day  and  the  machine  time  per  order  will  continue  in  the  future,  we  can  generate 
future  events  with  the  aid  of  a  table  of  random  numbers  (given  as  an  Appendix 
at  the  end  of  the  book).  Each  digit  in  this  table  is  an  independent  sample  from  a 
population  in  which  the  digits  0  to  9  have  an  equal  chance  to  appear;  i.e.,  each 
digit  has  a  probability  of  0. 10. 


Hours 


Figure  13-6.  Cumulative  distribution 
of  machine  hours  per  order. 


Firet,  let  us  find  how  many  orders  per  day  we  are  likely  to  obtain  in  the  future. 
Based  on  past  events,  w^e  assume  that  1,2,  . . . ,  10  orders  have  a  probability  of 
10  per  cent;  therefore  the  digits  in  the  random  numbers  table  immediately  tell 
us  the  number  of  orders  per  day,  except  that  whenever  0  appears,  we  interpret 
this  event  as  ten  orders  per  day,.  Starting  off  at  the  beginning  of  the  table  (we 
can,  in  fact,  start  wherever  we  like,  since  by  definition  the  table  is  unbiased), 
we  have  2,  10,  1,  7,  4,  2,  . . . ,  orders  per  day. 

And  how  many  hours  does  each  order  entail?  Again  we  use  the  table,  but  now 
we  take  tw^o  digits  at  a  time  (e.g.,  20,  17,  42,  28,  etc.).  Each  number  is  taken  to 
represent  the  cumulative  frequency  in  Fig.  13-6,  from  which  the  number  of 
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hours  can  be  read  off  the  abscissa.  Example:  The  first  order  is  related  to  a 
cumulative  frequency  of  20  per  cent,  which  (from  Fig.  13-6)  involves  15  hours; 
the  second,  17  per  cent,  involving  13|  hours;  etc.  Our  generated  history  is  given 
in  the  accompanying  table. 


No.  of 

Day  No. 

Orders 

Machine  Hours 

Total  Hours 

1 

2 

15;  13i 

284 

2 

10 

23i;  18;  16;  13*;  29i;  52*; 

22;  30*;  3*;  10 

219 

3 

1 

41 

41 

4 

7 

10;  26i;  28;  45*;  27;  24;  17 

178 

5 

4 

35*;  26;  5;  26 

92| 

6 

2 

4*;  5 

94 

7 

2 

10;  20i 

30| 

8 

8 

27*;  34;  10*;  28;  25*;  32; 

47*;  30 

235 

9 

2 

47*;  26 

73| 

10 

3 

29;  24;  47* 

1004 

11 

1 

34 

34 

etc. 


The  third  column  specifies  the  machine  hours  per  order  and  the  last  colunm 
gives  the  total  number  of  hours  required,  i.e.,  the  load  that  has  to  be  scheduled. 

It  appears  that  this  load  varies  considerably  (the  distribution  of  generat^ 
machine  hours  required  every  day  by  incoming  orders  is  shov.Ti  in  Fig.  13-7). 
The  problem  is  how  to  determine  the  best  capacity  that  would  cope  with  this 
situation.  If  the  capacity  is  too  low,  the  expected  machine  utilization  would  be 
high  but  orders  will  have  to  wait  until  processing  becomes  possible.  In  fact,  if 
the  process  capacity  is  lower  than  the  average  daily  load,  the  queue  of  orders 
will  continuously  increase,  and  there  would  be  no  hope  of  ever  eopmg  with  it 
orders  continued  to  flow  in  at  the  same  rate.  In  our  case  the  average  daily  load 
(from  Fig.  13-7)  is  139  hours.  If  the  process  capacity  is,  say,  only  100  hours^r 
day,  the  queue  of  waiting  orders  (measured  in  machine  hours)  grows  rapidly. 


as  shown  in  Fig.  13-8.  ,  ,  -  i  xu 

If  on  the  other  hand,  the  process  capacity  is  comparatively  high,  the  waitmg 

time  of  orders  will  considerably  reduce,  but  machine  utilization  can  exp^ted 
to  be  rather  low.  As  penalties  are  associated  vvith  waiting  orders  on  the  one  hand 
and  with  machine  idle  time  on  the  other,  there  is  conceivably  a'pomt  at  e 


the  total  costs  would  be  at  a  minimum. 

Assuming  that  orders  can  be  loaded  only  on  the  day  follonmg  their  arri  . 
and  that  the  breakdown  of  the  daily  load  into  orders  is  of  no  consequence  fro 
the  point  of  view  of  scheduling,  we  can  proceed  to  sch^ule 
in  Fig.  13-7  on  the  plant.  Two  examples,  one  for  a  daily  o  ^ 

and  the  other  for  200  hours,  are  shoi.m  in  Fig.  13-9.  The  simulated  schedule  has 
to  cover  a  reasonably  long  period  so  that  calculations  based  on  mean  loads  and 
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Figure  13-7.  Generated  orders  arrival  (in  machine  hours  per  day). 


waiting  times  are  not  greatly  affected  by  tbe  random  load  arrival.  Furthermore, 
since  in  our  simulated  Mstoiy  we  started  with  an  idle  plant  waiting  for  work, 
while  the  plant  might  actually  have  been  partially  loaded,  it  would  be  advisable 
to  chop  off  an  imtiai  ^^runmng-in’^  period  in  the  simulated  schedule.  If  in  our 
case  the  cost  of  idle  machine  time  is  $5.00  an  hour  and  the  cost  of  an  order  waiting 


Machine  hours  Machine  hours 
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Figure  13-9.  Scheduling  the  load  in  Figure  13-7  for  two  cases  of  plant  empacitg. 

(a)  Capacity  160  hours. 

(b)  Capacity  200  hours. 


is  $1.00  per  machine  hour  per  day,  the  results  (based  on  a  period  of  50  days, 
from  day  11  to  60)  are  shot^m  in  Table  13—7  and  Figs.  13— 10  and  13—11,  from 
wiiich  we  find  that  the  optimal  capacity  lies  at  152  machine  homs. 


Daily 

Av.  Daily 

Capacity 

Machine 

(hr,) 

Munning 

{hr.) 

140 

135.8 

145 

137.3 

150 

138.6 

160 

138.6 

170 

138.8 

180 

138.9 

190 

138.8 

200 

138.8 

Table  13-7 


.4.1?.  DaUy 

Daily  _ 

Machine 

Orders 

Idle  Time 

Waiting 

[hr.) 

Time  {hr.) 

4.2 

176.3 

7.7 

144.5 

11.4 

116.2 

21.4 

74.6 

31.2 

49.8 

41.1 

35.4 

51.2 

26.9 

61.2 

21.3 

Cost  {$jdag) 


Idle 

time 

Orders 

Waiting 

Total 

21 

176 

197 

38 

145 

183 

57 

116 

173 

107 

75 

182 

156 

50 

206 

206 

35 

241 

256 

27 

283 

306 

21 

327 
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Figure  13-11.  Effect  of  plant  ca¬ 
pacity  on  average  penalty  costs 
per  day. 


Other  applications  of  the  simulation  technique 

In  the  preceding  example  we  dwelt  on  the  effect  of  over-all  machine  capacity 
on  the  schedule.  The  same  simulation  technique  can  be  used  to  examine  several 
possible  alternatives  for  coping  vith  the  arriving  orders;  for  example: 

1.  Is  expansion  in  capacity  from  the  present  one  (say,  140  hours)  to  152  hours 
by  adding  machines  (regular  time)  preferable  to  use  of  overtime? 

- .  If  the  problem  cannot  be  handled  on  the  basis  of  over-all  capacity  (total 
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capacity  being  made  up  of  several  machines),  and  if  only  one  order  can  be  loaded 

on  one  machine  at  a  time,  what  is  the  optimal  number  of  machines  required? 

3.  What  effect  will  priority  rules  (e.g.,  orders  of  less  than  20  hours  to  be  placed 

at  the  head  of  the  queue)  have  on  the  schedule? 

The  simulation  method  is  a  powerful  tool.  It  is  both  simple  to  use  and  eflective 
in  demonstrating  to  management  the  characteristics  of  the  system,  Avithout  the 
ase  of  mathematics.  It  is  capable  of  handling  some  very  complicated  situations 
and  of  generating  history  fairly  quickly.  The  main  disadvantage  of  the  metho 
fi-om  the  analyst’s  point  of  view  is  that  most  of  the  time  he  is  workmg  in  the 
dark,  especiaUv  when  the  system  is  complex  and  governed  by  several  parameters, 
so  that  only  after  a  fairly  large  number  of  experiments  can  he  draw  some  con¬ 
clusions  about  the  proximity  of  the  optimal  point.  The  same  techmque  can  be 
employed  to  examine  many  other  problems  in  production  planning;  for  example: 

Study  of  the  number  of  machines  allocated  to  one  or  several  operators 
Study  of  machine  balancing  when  operation  times  are  subject  to  variations 

Scbeduling  maintenance  and  repairs  in  the  plant 
Determining  the  optimal  number  of  inspectors  in  the  plant 
Determining  the  number  of  storeskeepers  in  a  store 
Determining  the  number  of  clerical  staff  in  an  office 
Study  of  the  effectiveness  of  various  policies  in  inventory  control 


Product  Sequencing 

In  job  or  batch  production  we  often  have  at  the  beginning  of  a  production 
period  several  products  that  have  to  be  manufactured  on  certain  machines 
according  to  a  predetermined  sequence.  The  data  can  be  presented  as,  for 
example,  in  Table  13-8,  and  the  problem  is  to  determine  the  best  sequence  m 
which  the  products  should  be  loaded  on  the  machines.  There  is,  naturaUj^  a 
conflict  between  performance  at  maximum  machine  utilization  (impli^g  tha 
there  is  a  queue  in  front  of  each  machine,  so  that  machine  idle  time  is  kept  a  a 
minimum)  and  scheduling  to  customer  satisfaction  (i.e.,  complymg  with  pre¬ 
determined  delivery  dates),  and  a  satisfactory  compromise  has  to  be  struck  on 
the  basis  of  costs  ratios. 

Table  13-8 


Product 


A  B 


Operation 

Mackim 

Time 

Machine 

Time 

{hr.) 

1 

M2 

10 

M2 

5 

2 

M5 

12 

Ml 

5 

3 

Ml 

14 

M6 

5 

4 

M6 

2 

M4 

8 

5 

M4 

5 

M3 

2 

6 

M3 

6 

M5 

6 

7 

M7 

2 

MS 

1 

8 

MS 

4 

0 

D 

E 

Machine 

Time 

Machine 

Time 

Machime 

Time 

Ml 

5 

Ml 

2 

Ml 

2 

M2 

6 

M2 

2 

M5 

5 

M3 

7 

M4 

4 

M6 

0 

M4 

2 

M6 

2 

M4 

7 

Mo 

1 

M5 

6 

M3 

15 

M6 

5 

MS 

S 

M2 

2 

MS 

1 

MS 

2 

M7 

1 
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Sequence  analysis 

Given  n  jobs  to  be  performed  on  the  same  machine,  the  number  of  possible 
sequences  for  loading  the  jobs  is  w!,  and  this  number  becomes  rather  formidable 
as  n  increases  (for  n  —  5,  the  number  of  alternatives  is  already  120;  for  n  =:  Q, 

Table  13-9 

Operation  Times  in  {days)  for  Three  Products 
Mackirm  ABC 

112  3 

2  6  2  3 

3  5  6  2 

Total 

proce^iiig 

time  12  10  8 

it  is  720;  and  for  n  =  7,  we  have  5,040,  etc.}.  If,  however,  our  aim  is  to  complete 
all  the  jobs  in  the  shortest  possible  time,  the  selected  sequence  is  of  no  conse¬ 
quence,  since  no  delay  is  associated  with  any  particular  sequence.  Even  when 


8  10  12  14  16  18  20  22  24  26 
Time  scale  (days) 


Figure  13-12.  Alt&rmitme  schedules  of  three  products  on 
three  machines,  (See  Table  13-9) 
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n  products  have  to  be  processed  on  m  machines  each,  the  sequence  is  of  no 
importance,  provided  processing  is  carried  out  on  the  machines  in  the  same  order 
for  all  products  and  provided  the  operation  times  on  all  the  machines  are  the 
same  for  all  products.  But  once  either  the  order  of  operations  varies  for  different 
products  or  the  operation  times  vary,  the  sequencing  of  products  may  become 
a  significant  problem. 

Take,  for  instance,  the  example  shown  in  Table  13-9,  where  three  products 
are  processed  on  three  machines.  The  sequence  of  operations  is  the  same  for  ail 
three  products,  but  operation  times  differ.  There  are  six  alternatives  in  which  the 
products  could  be  scheduled:  ABC,  ACB,  BAC,  BOA,  CAB,  GBA.  Which 
sequence  yields  the  shortest  total  processing  time  for  all  three  products?  The  six 
alternatives  are  shown  in  Fig.  13-12,  from  which  we  conclude  that  the  sequence 
BAG  provides  the  answer.  It  is  interesting  to  note  that  the  processing  time  for 
jB  is  10  days,  which  is  neither  the  longest  nor  the  shortest  in  Table  13-9.  Hence 
it  would  seem  fallacious  to  assume  (as  some  schedule  planners  do  assume)  that 
minimum  total  processing  time  is  achieved  by  setting  priorities  either  in  favor  of 
the  longest  job  or  the  shortest  job.  Some  schedules  involve  a  certain  amount  of 
interim  machine- waiting  time,  such  as  the  sequences  BCA  and  CAB,  and  this 
waiting  time  may  cause  an  increase  in  the  total  processing  time. 

Minimum  processing  time 

There  are  three  principal  scheduling  routes,  obtained  by  giving  priority  to  ^4, 
or  JB,  or  (7,  as  shown  in  Table  13-10,  and  if  we  add  the  operation  times  along  the 
routes,  w^e  shall  get  the  minimum  processing  times  per  route. 

Table  1S~1« 


Three  Principal  Sehedulmg  Routes 

ABC  ABC  ABC 


Machine  1 

1 

1 

Machine  2 

2 

2 

Machine  3 

3 

3 

Route  A  Route  B  Route  C 


The  subsidiary  routes  (principal  route  A  has  two  subsidiary  routes,  namel} , 

ABC  and  ACB)  may  be  longer  than  the  principal  routes,  if  waiting  machine  time 
is  increased  as,  for  example,  in  the  ease  of  principal  route  B,  which  is  shorter 
than  its  subsidiary  BCA.  The  shortest  possible  total  processing  time  is  obviously 
given  by  the  shortest  principal  route,  provided  it  can  be  matched  by  one  of  its 
subsidiaries.  To  discover  the  shortest  principal  route,  we  merely  have  to  find 
which  column  in  the  matrix  yields  the  lowest  sum  when  the  last  row  is  removed, 
since  the  last  row  is  common  to  all  routes.  In  the  case  of  Tables  13-9  and  13-10, 
the  row  for  machine  3  accounts  for  13  days  processing  time,  and  the  columns 
for  the  first  two  operations  for  products  A,  B,  and  C  yield  7,  4,  and  6  days. 
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respectiYely;  hence  principal  route  B  is  the  shortest.  In  general,  if  we  have  a 
matrix  of  n  products  (columns)  by  m  operations  (rows),  such  as 

tji  ^21  *  *  ‘  lil  *  *  *  ^nl 


III 


I'lm  ^2«  *  *  *  4'm  *  *  *  I'nm 

where  is  the  time  required  for  the  tth  product  on  the  jth  operation,  the  shortest 
principal  route  is  that  through  product  k,  provided 

m  — 1  m  —  1 

2  ^  2 

i=i  j=i 

where  i  =  1,  2  . . k. 

We  see  from  Fig.  13-12  that  in  order  to  avoid  any  machine  waiting  time,  the 
second  operation  on  the  first  product  must  be  equal  or  longer  than  the  first 
operation  on  the  second  product,  the  third  operation  on  the  first  product  must  be 
equal  or  longer  than  the  second  operation  on  the  second  product,  and  so  on. 
In  other  words,  if  the  products  are  now  rearranged  in  the  order  of  scheduling  so 
that  the  shortest  principal  route  is  through  product  1,  then 

^12  ^  ^21 
^13  ^  ^22  ^  ^31 
t'lg  ^  ^23  ^  ^32  ^  1 41 

and  so  on.  Even  if  some  machine  waiting  time  is  incurred,  the  shortest  principal 
route  time  is  attainable,  provided  the  mth  machine  has  no  interim  waiting  time. 
This  is  perhaps  clear  from  the  graphical  presentation  in  Fig.  13-12.  The  schedule 
BC.A  could  have  been  reduced  to  17  days  had  the  second  operation  on  product 
A  lasted  4  instead  of  6  days.  This  would  still  have  left  machine  2  waiting  between 
its  first  and  second  tasks,  but  by  eliminating  the  last  machine  waiting  time,  the 
minimum  over-all  time  could  be  obtained.  If  all  the  subsidiary  routes  of  the 
shortest  principal  route  incur  machine  waiting  time,  it  is,  of  course,  possible  that 
each  will  be  longer  than  the  shortest  feasible  time  attainable  through  some  other 
route.  It  is  still  advisable  to  start  with  the  shortest  principal  route,  since  by 
investigating  its  subsidiaries,  w^e  can  easily  determine  whether  this  theoretical 
minimum  time  is  at  all  attainable.  This  is  particularly  useful  in  product  layouts, 
where  the  sequence  of  operations  is  virtually  the  same  for  all  products. 
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Example 

Five  products  have  to  undergo  the  following  operations: 


Product  No.  1 :  1/12  2/8  3/16  4:15  6/6 

2:  2/9  4/16  5/16  7/8 
3:  1/12  2/14  6/19  7/20 

4:  2/5  3/6  4/9  5/10  6/10 
5:  1/9  2/10  3/10  4/5  6/8 


If  the  first  number  denotes  the  machine  and  the  second  stands  for  the  number  of 
hours,  find  the  shortest  principal  route. 

Solution 

Although  it  is  not  apparent  at  first  sight,  the  products  are  manufactured  in 
the  same  order.  Let  us  rewrite  the  data  in  the  form  of  a  matrix,  the  figures  in 
which  will  be  the  operation  times  in  hours. 


Machine  Number 


Products 


1 

2 

3 

4 

5 

1 

12 

0 

12 

0 

9 

2 

8 

9 

14 

5 

10 

3 

16 

0 

0 

6 

10 

4 

5 

16 

0 

9 

5 

5 

0 

16 

0 

10 

0 

6 

6 

0 

19 

10 

8 

_ 

— 

— 

— 

— 

7^ 

0 

8 

20 

0 

0 

Total  time  on 

machines  1-6 

47 

41 

45 

40 

42 

*  Total  time  for  this  machine  =  28. 


In  other  words,  we  say  that  each  product  has  seven  operations,  some  of  which 

require  zero  processing  time.  The  shortest  sum  of  the  first  six  operations  is 
through  product  4,  the  shortest  principal  route  is  therefore  40  -f  28  =  68  hours. 

Situations  such  as  those  presented  in  Table  13-8,  where  the  sequence  of 
operations  is  not  the  same  for  all  products,  are  far  more  comphcated.  If  one 
sequence  of  operations  is  normally  predominant  with  only  few  deviations  ^m 
it,  the  situation  may  sometimes  be  handled  successfully  by  artificially  forcing 
all  the  products  into  the  sequence  and  numbering  afresh  the  deviating  operations. 
For  example,  if  the  sequence  is  through  machines  1,  2,  3,  4,  5,  but  one  product 
has  to  be  processed  through  1,  2.  4,  6,  3,  we  can  force  it  into  the  sequence  by 
saying  that  the  product  is  processed  on  machines  1,  2,  3,  4,  5,  6,  ;»'here  the  time 
on  machine  3  is  zero  and  machine  6  is  just  another  name  for  machine  3.  This  may 
prove  to  be  convenient  in  studying  the  possible  alternative  product  ^T^ences. 
However,  no  general  mathematical  treatment  has  yet  been  suggested  through 
which  the  shortest  sequence  can  be  located. 
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Summary 

The  production  planning  department  is  responsible  not  only  for  constructino- 
a  feasible  and  realistic  schedule  but  also  for  analyzing  and  evaluating  all  possible 
alternatives  in  order  to  determine  which  one  to  adopt.  The  analysis  depends  on 
the  circumstances  under  which  scheduling  has  to  be  performed  and  on  how  easy 
it  is  to  construct  a  model  that  adequately  describes  the  behavior  of  the  system. 
Of  the  many  scheduling  problems  known  in  literature,  five  basic  situations  were 
selected  for  discussion: 

Flow  production  scheduling,  to  determine  production  output  and  stock  levels  in 
cases  of  fluctuating  demand 

Batch  production  scheduling,  when  products  are  manufactured  consecutively 
{further  analyzed  in  the  next  chapter) 

The  assignment  problem,  to  determine  how  to  allocate  an  array  of  given  tasks 
to  given  available  production  facilities 

Scheduling  orders  for  job  or  batch  production  when  they  arrive  at  random  and 
have  to  be  loaded  on  the  available  facilities  on  arrival 
Product  sequencing,  to  determine  in  which  order  to  schedule  products,  each 
having  a  given  sequence  of  operations  to  be  performed  on  given  machines 

Many  scheduling  problems  are  combinations  of  these  basic  cases  and  call  for  the 
use  of  several  techniques  when  optimal  solutions  are  sought. 
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Problems 

1.  For  the  sales  columns  indicated  in  Fig.  13-4,  suggest  the  optimal  policy  if  the 

cost  of  increasing  or  reducing  the  production  capacity  is  |20  per  unit, 
whereas  the  cost  of  storage  is  |10  per  unit  per  period. 

2,  The  sales  forecasts  for  a  product  are  as  follows: 


Period 

Units 

Period 

Units 

1 

1,200 

6 

800 

2 

1,100 

7 

800 

3 

1,000 

8 

900 

4 

900 

9 

1,000 

5 

850 

10 

1,000 
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The  production  capacity  is  1,000  units  per  period  (regular  time)  and  300 
units  per  period  (overtime).  Subcontracting  can  be  relied  on  up  to  a  capacity 
of  400  units  per  period. 

Cost  data:  Overtime,  |25  per  unit  more  than  regular  time;  subcontracting, 
$20  per  xmit  more  than  regular  time;  storage,  |8  per  unit  per  period. 

Your  Task: 

(i)  Suggest  an  optimal  production  schedule  for  the  ten  periods,  if  the  initial 
inventory  is  200  units. 

(ii)  Find  the  cost  of  this  program. 

(iii)  Draw  the  stock  level  variations  during  the  ten  periods. 


3.  Four  orders  have  to  be  assigned  to  either  of  two  machines  or  distributed  among 
them.  The  orders  are: 


Order  No, 

Units 

Rate  of  Production,  Machine  1 

1 

2,000 

80 /day 

2 

4,000 

140/day 

3 

800 

100/day 

4 

600 

QQIdjaj 

The  rate  of  production  on  machine  2  is  20  per  cent  lower  than  that  of 
machine  1.  If  the  cost  of  operating  machine  1  is  1 80  per  day  and  that  of 
machine  2  is  1 60  per  day,  how  would  you  a^ign  the  orders  to  the  machinesf 


4.  Orders  can  be  assigned  to  three  production  lines  as  follows: 

Rates  of  Froduction  (units  per  dag) 


Product 

Assigned  to: 

Line  1 

Line  2 

Line  3 

1 

any  line 

100 

100 

150 

2 

lines  1,  2 

50 

80 

— 

3 

lines  1,  3 

80 

— 

80 

4 

lines  1,  3 

100 

— 

120 

5 

any  line 

120 

160 

120 

The  cost  of  production  in 

doUaxs  per  unit  is  as 

follows: 

Product 

Line  1 

Lirbe  2 

Line  3 

1 

$10.00 

$10.00 

$12.00 

2 

4.00 

3.60 

— 

3 

6.00 

— 

5.00 

4 

4.60 

— 

4.00 

5 

2.40 

2.20 

2.40 

The  total  requirements  are: 

Product  Units 

1  8,000 

2  1,000 

3  800 

4  800 

5  1,000 

How  should  the  orders  he  assigned  to  the  three  production  lin^! 
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(i)  la  tlie  example  used  in  the  text  to  illustrate  the  simulation  technique, 
find  the  optimal  plant  capacity,  if  the  cost  of  idle  machine  time  is  15.00 
per  hour  and  the  cost  of  an  order  waiting  is  $2.00  per  machine  hour  per 
day. 

(ii)  The  present  capacity  of  140  machine  hours  per  day  is  considered  to  foe 
too  low  to  cope  with  the  incoming  load.  Two  alternatives  are  suggested; 

fa)  Add  a  machine  to  increase  the  capacity  to  148  hours;  this  would 
entail  a  flat  increase  in  costs  of  $86  per  day. 

ffo)  Use  overtime,  which  costs  (whether  the  machines  are  running  or  not) 
$1,00  per  machine  hour  more  than  regular  time. 

Find  the  optimal  number  of  overtime  hours  that  should  be  used.  Which 
alternative  is  cheaper? 

A  diop  of  17  semiautomaties  (each  working  for  8  hours  regular  time  per  day) 
has  to  cope  with  orders  of  random  arrival.  Past  records  show  that  the  number 
of  machine  hours  required  per  order  is  as  in  Fig.  13-5,  the  frequency  of  arrival 
beiog  as  folows: 

o.  of  Orders  per  Day  Frequency  (%) 

0  5 

1  2 

2  3 

3  3 

4  4 

5  5 

6  5 

7  6 

8  8 

The  cc«t  of  idle  machine  time  is  $5.00  per  hour  and  the  cost  of  orders 
waiting  time  is  estimated  at  $2.50  per  hour. 

|i)  If  orders  can  be  scheduled  on  the  day  following  their  arrival,  and  if  only 
one  order  can  be  loaded  on  one  machine  at  a  time,  find  the  optimal 
number  of  machines  for  this  shop.  Assume  all  machines  to  be  identical. 

(ii)  Find  the  effect  of  the  following  priority  rule  for  17  machines  and  for  the 
optinmi  number  found  in  (i):  orders  on  hand  are  arranged  in  the  order 
of  magnitude  (measured  in  machine  hours)  and  the  shortest  is  always 
^heduled  first. 

(m)  The  priority  rule  is  modified  as  follows:  orders  on  hand  are  classified 
into  two  groups,  the  first  consisting  of  less  than  30  machine  hours  each, 
the  second  of  more  than  30  machine  hours  each.  What  effect  would  you 
expect  when  either  group  is  always  scheduled  in  preference  to  the 
other! 

(iv)  Comment  on  these  priority  rules.  How  would  you  go  about  determining 
what  optimal  priority  rul^,  if  any,  should  be  adopted?' 


No.  of  Orders  per  Day 


Frequency  (%) 

9 

12 

13 

13 

6 

3 

2 

1 
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7.  Three  components  A,  B,  and  G,  have  to  be  produced  on  four  machines.  Ml,  M2, 
M3,  and  M4.  Sequence  of  operations  and  times  are  given  in  the  following  table: 


Product 

Operation 

Machine 

Operation  Time  (days) 

A 

All 

Ml 

2 

A 12 

M3 

4 

J./3 

M2 

3 

A 14. 

M4 

6 

B 

Bjl 

Ml 

4 

J5/2 

M2 

3 

B/3 

M3 

4 

C 

Cjl 

M2 

4 

(7/2 

M3 

5 

(7/3 

M4 

3 

(i)  Suggest  a  schedule  by  which  the  production  of  all  three  products  can 
be  completed  in  the  shortest  possible  time. 

(h)  The  cost  of  operating  the  machines  is  given  as:  Ml,  $60  per  day;  M2, 
$100  per  day;  M3,  |100  per  day;  M4,  $40  per  day.  If  the  cost  of  idle 
time  is  60  per  cent  of  the  above,  suggest  a  schedule  by  which  production 
costs  would  be  minimum. 

8.  For  a  certain  bus  route  the  following  number  of  buses  are  require : 


Time 

No.  of  Buses 

6-8  AM 

20 

8-10  AM 

30 

10-12  AM 

20 

12-2  PM 

18 

2-4  PM 

12 

4-6  PM 

30 

6-10  PM 

12 

10-12  PM 

10 

12-6  AM 

6 

If  each  driver  is  working  8  consecutive  hours  per  day,  find  the  smalls 
number  required  to  comply  with  th^e  requirements  and  outline  the  daSy 
schedule. 


14^ 

BATCH  PRODUCTION 
SCHEDULING 


The  theory  of  optimal  batch  computations,  as  expounded  in  Chapters  10  and 
11,  is  based  on  the  approach  that  each  product  is  considered  on  its  own.  The 
justification  for  such  an  approach  is  self-evident:  We  want  each  product  to  be 
effectively  manufactured,  so  that  it  can  be  competitive  and  contribute  to  the 
well-being  of  the  firm.  This  approach,  however,  does  not  take  count  of  the  effects 
of  individual  products  on  each  other  and  on  the  production  schedule.  Suppose 
that  we  have  faithfully  computed  the  optimal  quantity  for  each  of  the  prcdiicts 
that  have  to  be  produced;  do  these  figures  constitute  a  final  satisfactory  and 
workable  answ^er  to  our  batch  production  problem  ?  It  appears  that  our  problems 
noTV  only  begin. 

First,  each  quantity  requires  a  certain  amount  of  time  for  preparation  and 
machine  setup  and  for  production.  When  all  these  required  times  for  all  the 
products  that  have  to  be  produced  are  added  together,  we  have  the  total  load  on 
the  plant.  Does  this  load  match  the  available  machine  time  at  our  disposal? 
Indeed,  it  would  be  a  very  strange  coincidence  if  it  did.  If  it  is  too  high,  the 
requirements  simply  cannot  be  met. 

Secondly,  each  quantity  is  supposed  to  last  a  certain  period  of  time,  which  we 
called  the  consumption  time.  During  this  consumption  period  the  machines  and 
equipment  can  be  utilized  to  produce  some  other  products  on  a  batch  basis.  But 
if  the  other  products  are  to  be  produced  at  optimal  levels  too,  how  can  we  be 
sure  that  when  our  first  product  is  to  be  produced  again,  its  stock  level  would 
have  dwindled  precisely  to  the  safety  level  that  necessitates  its  production  in 
any  case?  Again,  the  likelihood  that  these  two  events  will  coincide  (and  what  is 
more,  that  they  should  coincide  for  every  single  product  in  the  production  pro¬ 
gram)  is  extremely  small.  The  computed  optimal  batch  may  be  too  Mgh,  so  that 
when  the  product  is  produced  again,  excessive  stock  remains  on  hand  from  the 
preceding  cycle.  Or  the  batch  may  be  too  small,  in  which  case  the  stock  will 
reduce  to  zero  before  the  product  is  due  for  production  according  to  the 
schedule. 

^  This  chapter  may  he  omitted  at  first  reading. 

367 
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In  short:  The  optimal  batches  have  to  be  fitted  into  a  schedule,  but  the 
schedule  imfKJses  certain  conditions  and  limitations  on  the  individual  quantities. 

How  can  these  different  claims  be  reconciled? 


Sequeni*  of  batches 

This  problem  may  perhaps  be  best  demonstrated  by  considering  a  production 
schedule  for  two  products  manufactur^ed  in  succession  on  the  same  equipment, 
as  shown  in  Fig.  14-1.  The  sequence  indicated  by  the  schedule  would  be  as 

follows: 

Preparation  and  setup  time  for  product  1  = 

.Production  period  for  product  1  = 

Preparation  and  setup  time  for  product  2  = 

Production  period  for  product  2  = 

Preparation  and  setup  time  for  product  1  == 

and  so  on.  During  the  consumption  period  of  product  1,  the  plant  first 
produces  product  2  and  then  product  1;  hence 

=  42  +  +  4i  + 

And  during  the  consumption  period  of  product  2,  the  plant  first  produces 

product  1  and  then  prcxiuct  2;  hence 

2’e2  =  4l  +  T^x  +  42  + 

Tex  =  7^2 

The  mrerpretation  of  the  equality  of  the  two  consumption  periods  is  simply  this: 
If  Ae  plant  capacity  is  to  be  fully  utilized  (i.e.,  no  idle  time  aUowed),  the  con¬ 
dition  stated  above  ensures  that  the  two  products  are  always  available  for  issue 
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and  that  stocks  are  replenished  at  the  same  level  and  to  the  same  level  at  every 
cycle.  But  as  ==  Q/a^, 

.  _  ^e2 

Qi  ®ci 


where  Qi  is  the  batch  for  product  1,  the  rate  of  consumption  of  product  1,  etc. 
If  the  quantities  are  computed  for,  say,  niimmum  costs  per  unit,  then  by 

Chapter  10, 


Q2  I  ^1^2 


Hence,  the  following  condition  must  be  satisfied: 


J 


■KjS^ 
A.  2^1 


^c2 

a  cl 


The  ratio  on  the  right  is  determined  by  circumstances  prevailing  in  the  market, 
while  the  factors  on  the  left  are  mainly  dependent  on  internal  conditions  in  the 
plant.  Thus,  if  optimal  quantities  are  to  be  produced  and  at  the  same  time 
the  schedule  is  supposed  to  be  devoid  of  idle  time,  to  ensure  availability  of  the 
products  and  to  avoid  excessive  stock  build-up,  we  are  faced  with  an  unreason¬ 
able  condition  to  satisfy.  It  is  evident  that  some  deviations  from  the  optimal 
batch  sizes  are  inevitable  w-hen  quantities  have  to  be  fitted  into  a  production 
schedule;  in  other  words,  w^e  have  to  resort  to  a  compromise. 


Optimizing  the  Production  Schedule 

Before  we  can  attempt  to  outline  any  acceptable  compromise,  we  must  fiist 
seek  the  ideal  solution  w-hen  the  whole  production  schedule  is  optimized. 
Supposing  there  are  n  products  to  manufacture  and  these  are  produced  in  succes¬ 
sion  on  the  available  equipment.  In  other  words,  the  production  schedule 
would  read  as  follows: 

t^lj  Tjji;  tg2}  *  *  *?  Isii  ?  Isn't 

one  production  cycle 

Thus  the  equipment  is  assumed  to  be  fully  utilized  and  no  idle  time  Is  included 
in  the  schedule.  The  total  length  of  the  production  cycle  is 

To  =  2  ***'■  + 

t=l 

and  at  the  end  of  the  cycle,  product  1  comes  up  again  for  production  and  the 

cycle  is  repeated. 
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Maintaiiimg  stock  level 

As  stated  before,  one  of  om*  basic  objectives  is  to  ensure  that  the  product  is 
always  available  and  that  the  pattern  of  stock  level  variations  repeats  itself 
from  cycle  to  cycle  and  that  there  is  no  accumulation  of  stock  due  to  excessive 
residuals  at  the  end  of  each  cycle.  In  order  to  plot  these  stock  level  variations  on  a 
time  scale,  we  have  to  superimpose  the  individual  patterns  (as  shown  in  Fig. 
10-2)  on  each  other  with  appropriate  time  displacements.  The  peaks  in  the  stock 
level  graph  for  product  2  would  be  displaced  by  those  of  product 

1,  and  the  peaks  of  product  3  would  be  displaced  by  ^3  +  from  those  of 
product  2,  and  so  on.  The  result  would  be  somewhat  similar  to  Fig.  14-1,  except 
that  n  graphs  instead  of  two  would  be  superimposed  on  each  other.  The  con¬ 
sumption  period  for  each  product  is  given  by  the  horizontal  (time  scale)  distance 
between  two  successive  peaks  of  the  stock  level  graph  for  that  product,  and  it  is 
not  difficult  to  ascertain  (precisely  in  the  same  way  it  was  shown  for  two 
products)  that,  for  perfect  superimposition  as  described  above,  the  consumption 
period  for  each  product  must  be 

n  ^ 

i=l 

hen(^ 

Ti  =  r,  =  •  •  •  =  r,-  =  •  •  •  =  (14-2) 

where  is  the  consumption  period  for  the  ith  product.  But  since 

Ti  =  9i.  (14.3) 

Qi  =  oiiQ^  (14^) 

where  tig  =  is  the  ratio  of  consumption  rate  of  the  ith  product  to  that  of 

the  firet  product.  Thus  it  is  important  to  note  that  as  soon  as  the  products  are 
put  into  a  production  schedule  within  the  framework  of  conditions  set  above, 
there  must  be  a  quantitative  relationship  between  the  batch  sizes  of  these 
products.  This  relationship  is  determined  by  the  relative  values  of  the  rates  of 
consumption  of  the  products. 

Specifying  batch  sizes 

What  batch  sizes  for  the  n  products  should  be  specified  in  order  to  secure 
maximum  effectiveness  of  the  whole  schedule? 

First,  however,  we  must  define  how  this  effectiveness  is  to  be  measured,  and 
immediately  the  four  criteria  considered  in  Chapter  10  (where  each  product  was 
considered  on  its  own)  spring  to  mind: 

3Imimmn  costs  per  unit 

This  criterion  is  meaningless  in  a  multiproduct  schedule,  since  the  units  of  the 
different  products  are  not  identical.  The  basic  costs  of  materials  and  labor,  the 
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carr3ring  charges,  and  the  setup  costs  may  be  different  for  different  products, 
and  there  is  no  common  denominator  to  which  they  can  be  reduced  in  order 
to  clarify  the  term  minimum  costs  per  unit. 

Maximum  profit  for  the  whole  schedule 

If  the  total  cost  per  unit  for  product  i  is  and  the  sales  price  is  the  total 

profit  for  the  schedule  would  be 

n 

(14-5) 

t=l 

n 

For  convenience  w’-e  may  denote  the  sum  2byE.  Substituting 


Yi  —  Ci  ~  -j-  K-iQi 

and  the  relation  14-4,  we  obtain  an  expression  for  the  profit  in  terms  of  only  one 
variable,  namely,  the  batch  size  for  product  1  (the  suffix  i  is  also  omitted  for 
convenience  of  writing) : 

Z  =  Q^  2(7'  -  c)=t  -  2s  -  Q\  2A'a2 


This  profit  becomes  maximum  when 


=  0  = 


2(7'  -  C)cc  -  -IQ-^YKa? 


Qip  — 


Ea7'  -  2ac 
2  2A:a2 


(14r^) 


where  Qip  is  the  optimal  batch  size  for  product  1  when  the  schedule  is  optimized 
for  maximum  profit.  If  a  nondimensional  ratio  P'l  is  defined  as 


2a  7'  -  2ac 


(14-7) 


where  is  the  optimal  batch  size  for  product  1  when  the  schedule  is  optimized 
for  maximum  return  (see  the  analysis  of  the  next  criterion),  then 

QiP  = 

which  is  analogous  to  the  expression  derived  when  only  one  product  is  eon- 
sidered  (Chapter  10,  Eq.  10-27). 

Maximum  return  to  the  whole  schedule 

Eieturn  was  defined  as  the  ratio  of  profit  to  the  cost  of  production,  and  we  saw 
that  in  the  case  of  a  single  product,  the  optimal  solution  provided  for  production 
at  minimum  costs  per  unit.  The  return  for  the  whole  schedule  would  be 

_  profit  _  YQi  Y'  —  Y)  ^  YQY'  ^  ^ 

^  cost  of  production  YQY 
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Substitute  Eq.  14-4;  therefore 


(14-9) 


Now,  this  ratio  becomes  maximum  when  2xY  is  minimum,  or  w^hen 


dlaY  ^ 
dQ^ 


0  =  (  lac 

dQi\ 


+  Q,ma^ 


QiM  — 


(14-10) 


where  S.  = 

and  the  quantities  for  the  other  products  are  obtained  by  Eq.  14-4,  namely, 

Qmf  = 

Maximum  rate  of  return  for  the  whole  schedule 

Rate  of  return  was  defined  as  the  ratio  of  profit  to  cost  of  production  per 
unit  time,  or 


Substitute 


Hence 


M  =  ^QY'  —  QY)  1 

cycle  time  IQY 


=  —I  Q  =  a(2i 


(14-11) 


flxY' 


Q^  \  2ocF 


-1  = 


Qj 


The  rate  of  return  is  thus  expressed  in  terms  of  the  batch  size  for  product  1  and 

its  maximum  is  found  at 


(14-12; 


where  stands  for  (  SocF)-. 


Hdkh  Proihmlion  Hr.k<‘ilidin(i  '{7.‘{ 


Wo  know  tiiiiti 

ag,Y  I  I  KnQi'j  w.Qt  I  »  \  Krpf/-'-, 

»/r  I  ^'iKoiS/,  1,i%c.  \ 


4 

40 


AIho  Y 


I  K'y.Vi 

/ 


Y 


Pm  I  P  I  PA'oc'-'^^,  I  2P/.o>'.'' 

■tv| 


2 


Of  0i 

I  2P/.r.XA'«‘‘<i>,, 


VO  I  I  / 1  V'^  A'  *'  I  ^*^0  P 

Pm  I  ,,  1  PA«"  I 

Vi  Vi 

I  2PiIA'a'*  I  2V)2M/SA'a'-* 

SnbHtitiitii  tlioHo  iiiio  |ik|,  14  12  and  tnnliijily  by  V^p  <Yion 

V\PA'«»  20‘'i(^'y.Y'  lm)M^  I  V®i(P«^  I  iJP-A'r//’  P/J"Pr.) 

1  2V,  I  P><  0 

’'I’hiH  o<(narl.ion  ol'  (ilio  Ibniili  onb'r  for  V  >'•''  l'■llniliM■  t'O  Uk^  one  obtained  in  ( !hM.[»tor 
10  will'll  only  ono  |>rodno|.  wan  ('oni'.idoi'od.  'I'lii'  ('((nation  oan  b('  iiitniililiod  i( 
divided  by  n.nd  it  the  I'ollovvin/'  l•(•|lliionll  arc-  indiiititntcd : 


IKrP 


(>>y  •'’‘I-  '*’) 


and 


7i 


Via; 

Vim 


(14  12) 


whoro  Via;  Vio  oiitiniiil  batoli  nizo  Cor  prodnot  I  for  maximum  riito  of  return, 
till'  (bllowinp;  exprcunion  in  obl.a-ined; 


,  .,XaK'  i-M  ,, 

,4  ),  (l\ 


p/v 


IM 


XaY'  iM  iiM 


n-  I  'I  r/.  I  J  0 


P/ViM  P/VlM/  ' 
By  UHing  thci  following  two  nondimeiiHional  ratioH 


P 


liaK'  Dm  laV  Y,w 


d'OtJlt  M 
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(from  1V{H.  14  -7  and  14-10) 
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the  eqnation  for  is  reduced  to 

q\  -  4.P\q\  +  2(1  -  U,P\)q\  +  2U^q^  +1=0  (14^15) 

This  equation  is  similar  to  Eq.  10-34,  which  was  obtained  for  one  product, 
except  that  the  ratios  P\  and  differ  fromg)'i  and  u-^  by  definition.  This  means 
that  in  order  to  find  the  economic  batch  size  for  product  1  (i.e.,  the  value  of  g^), 
the  same  methods  used  for  the  solution  of  Eq.  10-34  may  be  employed, 
namely: 

1.  Since  Eq.  14-15  is  nondimensional,  its  solution  can  be  presented  by  a 
series  of  curves,  as  shovm  in  Fig.  10—12.  These  curves  can  therefore  be  used  both 
for  multiproduct  and  single-product  problems.  For  the  solution  of  a  multi¬ 
product  schedule,  use  P\  as  the  ordinate  (instead  of  g?')?  as  a  parameter 
(instead  of  m).  and  the  relation  =  ^iQiM‘ 

2.  The  analysis  of  Eq.  10-34  has  shown  that  the  solution  lies  between 


and 


(14-16) 


Likewise,  the  solution  of  Eq.  14-15  lies  between  the  values 


and 


(14-17) 


which  may  be  used  as  good  approximations  for  q^. 

The  procedure  for  determining  the  economic  batches  w^ould  be  as  follows: 

(i)  Start  with  a  data  table  in  which  the  values  of  c,  s,  K,  ol,  and  Y'  for 
each  product  are  specified. 

(ii)  Find  by  Eqs,  14-10  the  batch  size  for  product  1  for  a  maximum  return 
multiproduct  schedule  (Qi^). 

(iii)  Evaluate  P\  by  Eqs.  14-14. 

(iv)  To  find  use  either  the  approximations,  Eqs.  14-17,  or  the  solutions 
provided  by  Fig.  10-12,  in  which  case  should  first  be  evaluated  by 
Eqs.  14-14. 

(v)  Find  the  other  batch  sizes  by  Eq.  14-4. 

The  solutions  for  optimal  batch  size  determination,  using  the  different  criteria, 
are  summarized  in  Table  14—1.  The  similarity  between  the  solutions  derived  for 
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a,  iual  (la*  <"orr<‘nfHHi(lin|';  ora*.'!  (or  a,  rnal(-if)ro(lu(^l  M(^la^(lul<^  in 

(d-rikina,  (ml.  porlaijM!  nol<  vvla»lly  (ua‘X[MM^l.<‘<l„  1'|a‘  aoluiionM  (or  a,  producX 

rria-v  (><•  <u)nfii<i<*ra<l  a-  fi(M*aia.l  aaat*  <»('  (Jana  (di*  (Ja^  rnnlUpnaluaJ/  H(da*(lul(^  (of)- 
(,aJia‘(j  wlaai  (la*  fsala*<lii(<‘  <‘ojauii(,!i  o(’oii!y  oia^  [)ro<l(a‘(i). 

A  (iiaaiauiion  o(“  (Ja*  aril-araa.  nria<l  (dt*  (Ja*  oj)lJrnal  tioliiUom  in  (Hia-pUa* 

lO  a-ial  |;anaTnlly  (JaHUUia*  n-irMirktUifjply  vvlani  lJan(Ma*ida’ia>  anw^vaJiiaJ-cnl  in  IJa^ 
o(d'i  whola  naJaaluka  11)a  <'Oia‘,<‘p(,  o(*  rna,Kiinnrn  profit,  jaa*  (•,y(*J(^  a.f)[aMirs  to 
f)(‘  rni.‘ilaa.(linp  harojui  wall  fH^auna  by  jalopiJnp Muali  a.ya.r(lH(/i(J<  (dr  rneaiHiiringitH^ 
adaaJ/ivanaiuJ  of  (  la*  nahatUila,  iJia  ()aJ.(Ja‘H  a.n*.  iraa-(auaal,  ifaa‘(d)y  kaigUaniiiig  thc^ 
ayak*  aral  t.yinp;  iif)  t  li<*  (inaaaaal  nnonrca^H  of  (.la^  (irrn  in  unduly  larg(*^  atoaks. 
Sina.t^  nia^Kiniun)  raJ.a  ol‘  raj, urn  ariMiinn  low<a*  a-V(*ra.p;(*-  HioaJc  kwc^Ls  and  hi|j;fi 
iurnovcn*,  it.  woidd  a.f)fa‘ar  to  lam-  (a*tJ.<*r  (U’it.(a*ion  ioa-dopt.  Unin  iliiaior  rna-xirnuni 
nd/Urn,  urd<‘!iH  W(^  rria-y  (*xp(‘at-  t.o  d<*riv<^  Horra^  iHaadit.  (Votn  irnf)n)va!d  produa-tion 
nadJaaln  (a-ral  tJa'n*by  ra<lu(^<^  tJa^  <'-oMt.H)  ihrougfi  tJa^  proac^HMing  of  largca* 
batcihcm. 


Ilarivifiig  a  IlealMc  Holution 

( J)a-pt.(a'  lO  praMcnd-tal  opt.inia,l  iioIntJoria  (dr  asaab  |)rodn(d/  wlaai  ii  in  aonBkka’od 
ori  it.M  owro  In  tJiifi  (dia-pt.<*r  o[)IJn)al  nolutJoriH  (dr  (da*-  wbola;  HC-faHluk^  w<a'(^  d(a-iv(^d. 
I^nd.  wa  ba.V(*  luau)  iJiat.  iJa*  l.wo  a-n^  not.  (^ornpa-tJbla,  nirau^  ila*.  na-la^duk^  ofd-irrii/.a- 
tJor)  aal-n  a.  rigid  rala-t-iornbip  bal.wa(‘»)  IJa^  < jua-nt.itJc'H  of  tda^  va-rioim  f)r<)du(d.H 
ina,lud(‘d  in  tJa*  lialjadula,  a.nd  qua-ntJty  ra-IJoM  a-r<*  d(dnrrniraHl  by  tfa*-  ndaJJvas 
radn  otdiarrnual  a-tal  no(,  f)y  (Ja^  aon(.  pararradnrn  Unit.  [)Iay  a-n  irn[)<>riant  rok^  in 
opUrna-l  ()a,t.(di  hIz<*  <la(.arrnirnitJon  wla*n  aa-<di  [)rodua-i  in  analy/.iMl  individually. 
Ii  in  alHo  (|uil.a,  cdaa-r  (-ba-t.  iaJl-la‘r  a-p[)roa(d)  (^ari  afford  io  dinn^gard  ila^  oiluT. 
It/  in  ridi<adouH  io  aontiidar  i.fa*  [)rodu(d/H  on  a-n  individua-l  f)aHiH  wiila)ui  any 
nJal/ion  t.o  l.fa^  judaahda,  (inii  ba.aaiiru^  if  in  t/hia  way  ilas  mdaalnk^  will  (^onHist  oJ  a 
larg(^  f)ro[)or(/ion  ofdidia  l.irra^  Ua*.  wla)k^  ba-Hin  (dr  <a)Hiing  ih(^  iralividiial  produciH 
may  fa^  {ua’ioiady  dinrupt/ad,  and  fua^ondly  fata-a-UHC^  w(^  a-a/unoi  (aiKurcs  that  tha 
produa-t/H  will  alwa-yn  b(^  a-va-ila/f)k^  in  Ht.oa-k  a-ial  la^  Hcdaalukal  (or  f)r<)ducti()n  ai 
ifa*- righi  t/irnc^, 

Ii  in  rinky  io  a-omsidar  t/f»a.  nahadidi^  alom^  and  (orgtd.  aboui  ihc^  individual 
prodna, t/H,  nilu^a  (wM  ora*,  of  ih(*H(^  rnuKi  Hiaral  on  iiH  own  in  the  market,  it  mUBt  be 
aofnp(d/iiiv(s  a-ml  ih(n'<*Jdr(^  it.  rnuni  be  frrodueed  in  Ku<di  quantitieB  that  a  certain 
total  produ(d/ion  <!(‘iling  a-oni  m  rroi  (^xa(M^d(‘-d.  W(^  rnunt  alBO  (^iiBure  that  the  total 
load  irrq)OH(*d  on  iho  irkint/  by  the  a-omf)ut(^d  Hcdaaluk^  in  compatible  with  the 
facilitirn  ai  our  diHpoHal. 

Procedure 

It/  in  (wid(mi  that/  norm*-  d<wia,tionH  from  the*-  id(‘4il  computed  batch  sixes  are 
in(wiiaf)k^  and  a  cornpr'omisr^  solution  must  b(i  worked  out  in  a  form  of  a  realistic 
Bcheduk^  Thin  is  wla^n^  the-  produ(d/iorr  range  IxH-ornes  very  useful.  The  maximum 
total  i)r’odu(d/ion  (‘-osts  spcadlirxl  f)y  rnana-gcunent  (conveniently  defined  by  the 
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factor  p)  is  translated  into  production  range  limits  for  each  product.  The  pro¬ 
posed  procedure  for  deriving  a  realistic  solution  is  as  follows: 

1 .  Commute  the  'production  range  or  the  economic  production  range  (depending 
on  the  selected  criterion)  for  each  product. 

2.  Find  the  ideal  optimal  solution  for  a  multiproduct  schedule. 

3.  Test  the  solution  by: 

(i)  Subjecting  it  to  what  may  be  termed  the  p  test,  which  simply  implies 
that  it  is  necessary  to  ascertain  that  the  batches  included  in  the  ideal 
solution  lie  within  the  limits  of  the  production  range  of  the  respective 
products. 

(ii)  Subjecting  it  to  the  cycle  test.  Since  the  proposed  schedule  involves  a 
certain  production  cycle  time  (which  can  be  computed  when  the  rates 
of  production  are  known),  it  is  necessary  to  examine  vrhether  tins  time 
matches  the  consumption  cycle. 

If  by  any  chance  the  solution  passes  the  two  tests,  the  individual  approach 
and  the  schedule  approach  are  evidently  not  incompatible,  and  the  ideal  solution 
can  be  adopted  without  further  ado.  If,  however,  the  solution  does  not  pass 
either  test,  it  can  be  modified  as  folio w^s: 

Failure  to  pa>ss  the  p  test 

When  the  batch  size  for  a  certain  product  lies  beyond  the  limits  of  the 
production  range,  there  may  be  two  possibilities: 

1.  The  batch  is  too  large  (i.e.,  above  the  upper  limits  of  the  range),  in  w-Mch 
case  it  can  be  divided  into  tw^o  or  more  sub-batches.  Each  sub-batch  should  lie 
within  the  range  (w’^e  saw  in  Chapter  10  that  even  with  comparatively  low  values 
for  p,  the  production  range  becomes  wide  enough  to  allow  for  such  a  flexibility). 
This  means  that  the  product  will  be  produced  more  than  once  in  the  cycle. 

2.  The  batch  is  too  small  (i.e.,  below  the  lower  limit  of  the  range),  ha  which 
case  the  quantity  can  be  doubled  or  trebled  and  produced  only  once  every  two 
or  three  cycles,  the  idea  being  that  the  new  quantity  thereby  derived  would  fall 
within  the  range  and  pass  the  p  test.  In  this  w^ay  nonidentical  prcniiiction  cycles 
are  formed:  long  cycles,  w^hich  include  all  the  products  on  the  schedule,  and 
short  cycles,  which  include  only  some  of  them.  This  would  necessitate  recon¬ 
sidering  each  cycle  on  its  own  and  the  batch  size  of  the  product  that  is  not 
produced  every  cycle  will  have  to  he  modified  accordingly. 

Failure  to  pctss  the  cycle  test 

Again  we  may  have  either  of  the  following  two  alternative. 

1.  The  production  cycle  is  shorter  than  the  consumption  period,  in  other 
words,  when  the  wth  product  is  completed,  there  is  still  extra  time  left  before 
the  first  one  is  due  again  for  manufacture.  If  this  time  is  to  be  utilized  to 
advantage,  we  have  to  seek  methods  to  step  up  the  rate  of  consumption  of  some 
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of  the  products  and  use  the  available  time  to  produce  more  of  these,  or  we  have 
to  consider  the  introduction  of  an  additional  product  into  the  schedule. 

2.  The  production  cycle  is  larger  than  the  consumption  period;  in  other  words, 
the  schedule  presents  too  heavy  a  load  compared  with  the  available  facilities. 
Possible  courses  of  action  are: 

(i)  Increase  the  plant  capacity  by  use  of  overtime,  by  purchase  of  new  or 
additional  machines,  or  by  subcontracting  some  of  the  orders 

(ii)  Reduce  the  commitments  either  by  dropping  certain  products  from  the 
schedule  or  by  relaxing  the  restriction  that  all  the  products  must 
always  be  available 

The  ideal  optimal  schedule  can  thus  be  modified,  so  that  the  final  proposed 
solution  wiU  comply  with  the  various  restrictions  imposed  on  the  system.  One 
may,  of  course,  ask  (1)  w^hether  this  solution  may  be  regarded  as  a  satisfactory 
one  in  the  light  of  the  criterion  used  for  optimization,  and  (2)  whether  this 
method  can  be  easily  applied.  The  answer  to  the  first  question  is  that  by  starting 
firom  the  ideal  solution  and  by  modifying  it  to  comply  with  the  restrictions,  we 
stand  a  reasonable  chance  of  retaining  its  basic  features  while  not  being  too  far 
firom  that  theoretical  optimum  that  could  perhaps  be  derived  had  we  been  able 
to  incorporate  these  restrictions  into  the  mathematical  model  and  had  we  been 
able  to  find  an  optimal  solution  to  it.  The  answer  to  the  second  question  depends 
on  the  relaxations  that  management  is  prepared  to  allow  for  the  factor  p.  Since 
a  small  increase  in  p  results  in  a  large  increase  in  the  production  range,  the 
problem  becomes  comparatively  easy  to  solve  if  reasonable  values  for  p  are 
allowed. 

Multischeduling  Six  Products:  An  Example^ 

The  application  of  the  multischeduling  method  may  best  be  illustrated  by  an 
example.  Data  of  six  products  winch  have  to  be  manufactured  in  a  plant  are 
given  in  Table  14-2. 

PreliminMy  data  and  first  solution 

The  six  products  have  been  arranged  in  the  order  of  increasing  consumption 
rate,  and  they  vary  considerably  in  their  production  rates,  setup  costs,  and 
constant  costs  per  piece.  It  is  assumed  that  the  products  are  not  being  manu¬ 
factured  simultaneously  and  that  during  the  setup  period,  no  production  takes 
place.  Usually ,  among  six  products,  it  may  be  found  that  at  least  one  has  such  a 
low  variable-costs  content  that  it  can  be  produced  within  a  very  wide  range  with, 
little  effect  on  the  total  costs  per  piece,  and  this  ‘^slackness”  greatly  simplifies 
the  problem  of  scheduling.  In  this  example,  however,  strict  limitations  are 
imposed  (showTi  in  the  last  row'  in  Table  14-2)  for  the  allowable  increase  in 
variable  costs  above  those  which  are  incurred  "when  the  minimum- cost  batch 

example  and  Figs,  lj-2  and  14-3  have  been  taken  from  S.  Eilon:  Scheduling  for 
batch  production  (d .  Institution  of  Production  Engineers,  London,  August,  1957). 
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size  is  produced.  The  increase  in  variable  costs  by  5  per  cent  for  products 
l,2,3,b,6,  is  likely  to  cause  an  increase  in  total  costs  of  about  2  per  cent. 
Because  of  the  high  constant- costs  content  and  comparatively  low  setup  costs  of 
product  4,  it  is  felt  that  10  per  cent  increase  in  variable  costs  may  be  allowed  for 
this  product.  The  actual  increase  in  total  costs  for  each  product  is  computed  at 
the  end  of  this  example,  after  the  final  production  schedule  has  been  outlined. 


Table  14-2 

Date  of  Six  Products  To  Be  Manufactured 


Consumption  rate 

1 

2 

(units/day) 
Production  rate  Up 

20 

24 

(units/day) 

Constant  costs  c/piece 

100 

150 

(in  dollars) 

Storage  costs -B/piece/ 

4.0 

1.6 

day  (in  dollars) 
Setup  costs  s 

0.001 

0.001 

(in  dollars) 

3,000 

1,800 

Setup  time  (days) 
Allowable  increase  in 

4.0 

2.4 

variable  costs 

5% 

d% 

Product 


3 

4 

5 

6 

30 

36 

40 

50 

200 

no 

400 

280 

6.0 

12.0 

16.0 

6.0 

0.0015 

0.00125 

0.002 

0.00225 

3,600 

4.8 

1,500 

2.0 

6,000 

4.0 

30,000 

8.0 

10% 

KO/ 

/o 

KO/ 

/o 

Determining  the  production  range 

From  these  strict  limitations  the  allowable  range  of  batch  sizes,  within  which 

production  has  to  be  confined,  can  be  determined.  The  carrying  costs,  the 
minimum-cost  batch  sizes  for  each  product,  and  the  allowable  ranges  of  produc¬ 
tion  have  been  computed,  and  the  results  are  shown  in  Table  14—3.  The  interest 
rate  is  taken  as  12  per  cent;  i.e., 

i  =  H  X  —  =  4  X  10-*  per  day 
100  300 

(assuming  300  working  days  in  a  year). 

Let  us  assume  that  maximum  return  was  selected  as  an  appropriate  objective 
and  that  our  task  is  to  formulate  a  production  schedule  in  accordance  with  this 
criterion.  A  safety  aUowanee  has  to  be  taken  into  account  to  cover  possibilife  of 
delays,  maintenance,  breakdowns,  and  other  stoppages.  The  appropriate  figure 
for  such  an  allowance  is  determined  by  previous  history  of  the  machinery  m- 
volved  and  other  circumstances,  and  in  our  example  it  is  assumed  to  be  5  per 
cent  of  the  total  production  time.  The  first  attempt  at  a  solution  is  filustrated 
in  Table  14r^.  The  batch  size  for  product  1  is  computed  by  Eqs.  14-lOa. 
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From  Table  14-3, 


Hence 


and 


9i 


15.3 


18.41 


0.911 

V  IKol^IK^  V  18.41 


Qi  =  9iQim  =  0.911  X  5,540  =  5,050  pieces 
Q2  =  oi^Qi  =  1.2  X  5,050  ==  6,060  pieces  (etc.) 


Testing  the  solution 

The  batch  sizes  quoted  in  the  Table  14-4  ensure  that  throughout  the  consump¬ 
tion  period,  Tg  =  252  days,  all  products  are  available  and  that  the  suggested 
solution  provides  for  maximum  return,  not  for  each  of  the  products  individually 
but  for  the  program  as  a  whole.  It  is  now  necessary  to  apply  the  two  tests  to 
ensure  that  the  solution  is  compatible  with  the  given  data  and  can  be  carried  out. 

The  p  test 

Each  quantity  is  compared  vdth  the  production  range  set  in  Table  14-3.  The 
results  for  the  first  three  products  comply  with  this  limitation  (denoted  by  -v  ), 
w^hile  the  quantities  for  the  last  three  fall  outside  the  prescribed  respective 
ranges  marked  in  the  table  by  x  .  In  the  case  of  products  4  and  5  the  quantities 
are  considerably  above  those  at  minimum  cost.  This  can  be  rectified  by  splitting 
the  batches  into  lots,  the  size  of  which  will  fafi  within  the  production  range. 
Hence  products  4  and  5  could  be  produced  in  two  lots  each  of  4,045  pieces  and 
5,050  pieces,  respectively,  the  lots  being  more  or  less  evenly  distributed  in  the 
production  cycle.  Overshooting  the  higher  limit  of  the  production  range  does 
not  present  a  serious  difficulty.  The  reason  for  this  mainly  lies  in  the  fact  that 
the  allowable  relaxation  factor  on  the  available  costs,  p  —  1.05,  is  usually  large 
enough  to  provide  the  necessary  flexibility.  The  limits  of  the  range  in  this  case 
are  73  to  137  per  cent  of  the  minimum-cost  batch  size. 

If  the  figure  emerging  from  the  solution  is,  say,  150  per  cent,  the  batch  can  be 
divided  by  two,  each  part  being  75  per  cent  in  magnitude,  to  satisfy  the  require¬ 
ments.  Even  when  the  batch  size  falls  between  the  Mmits  of  137  to  141  per  cent, 
the  resultant  increase  in  p  above  the  1.05  mark  is  so  sMght,  that  in  most  cases 
it  can  probably  be  tolerated  (at  141  and  71  per  cent,  the  value  of  p  is  1.06).  The 
division  of  the  batch  into  lots  having  a  smaller  size  than  the  minimum-cost  one 
is  even  benefiicial  from  the  point  of  view  of  rate  of  return,  but  it  must  be  remem¬ 
bered  that  the  production  cycle  is  thereby  lengthened,  owing  to  additional 
setup  time  for  the  new  lots.  Another  problem  is  to  schedule  these  lots  in  the 
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production  cycle  in  such,  a  way  as  to  ensure  that  the  products  are  available  in 
the  interval  period  between  them  and  that  not"  too  high  a  stock  is  carried  from 
the  first  lot  when  the  time  for  producing  the  second  lot  arrives. 

More  complicated  is  the  case  when  the  solution  indicates  that  the  quantity  to 
be  produced  is  below  the  allowable  range,  such  as  product  6.  If  the  quantity 
shown  in  Table  14-4  is  adopted ,  the  increase  in  variable  costs  will  be  1 1  per  cent. 
The  only  possible  course  to  follow — short  of  dropping  product  6  altogether  from 
our  schedule — is  to  produce  a  quantity  that  vdll  satisfy  the  demand  during  the 
period  of  two  cycles.  Thus  the  production  plan  will  have  to  provide  for  two 
modified  cycles,  different  mlength,  one  including  product  6  and  one  without  it. 

The  cycle  test 

The  length  of  the  production  cycle  is  worked  out  as  showm  in  Table  14-4,  and 
a  comparison  is  made  with  the  consumption  period.  This  test  is  a  more  crucial 
test  than  the  p  test  because  it  immediately  shows  what  relation  the  load  of  the 
schedule  has  to  the  capacity  of  the  plant.  In  the  solution  shown  in  Table  14-4, 
the  plan  provides  for  a  consumption  period  of  252  days,  but  the  length  of  the 
production  cycle  is  322  days.  Hence  it  is  obvious  that  the  proposed  solution 
is  incompatible  with  the  capacity  of  the  plant,  the  plan  to  produce  the  six 
products  being  far  too  ambitious.  Had  the  production  cycle  been  found  to  be 
shorter  than  the  consumption  period,  extra  plant  capacity  would  have  been 
available  and  additional  production  could  have  been  undertaken. 

Me&ods  leading  to  modified  solutions 

The  double  check  as  described  above  provides  an  answer  to  the  question 
whether  a  satisfactory  schedule  is  possible.  Having  shown  that  the  solution  in 
Table  14-4  is  unacceptable,  a  modified  solution  may  be  sought  on  one  of  the 
following  lines: 

1.  Increase  the  quantities,  so  that  a  longer  consumption  period  is  covered, 
the  increase  being  such  that  the  new  consumption  period  will  be  equal  to  the 
production  cycle.  This  method  will  be  shown  to  be  impracticable. 

2.  Re-examine  the  production  range  of  the  products  and  determine  whether 
they  can  be  relaxed. 

3.  Increase  the  capacity  of  the  plant  by  adding  or  substituting  some  of  the 
equipment,  or  by  using  overtime  (and  thereby  increase  the  rate  of  production). 

4.  Attempt  a  more  modest  production  plan  by  modifying  the  requirements 
that  (i)  all  products  must  be  produced,  or  (ii)  that  all  products  must  always  be 
in  stock,  or  both. 

The  question  of  which  alternatives  should  be  taken  can  be  decided  when  the 
circumstances  of  the  case  have  been  fully  analyzed,  but  it  may  be  useful  to  add 
a  few  comments  on  each  method  and  outline  the  procedure  that  will  lead  to  a 
final  solution. 
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Increase  the  consumption  period 

The  objective  of  increasing  the  consumption  period  is  to  arrive  at  a  situation 
that  will  satisfy  the  cycle  test.  Since  such  an  attempt  involves  an  increase  in 
quantities,  it  is  reasonable  to  assume  that  the  p  test  could  also  be  met. 

To  increase  the  consumption  period  T^.  from  252  days  in  Table  14-4  to  the 
level  of  the  production  cycle  of  322  days,  it  is  necessary  to  increase  the  quantities 
by  28  per  cent.  To  achieve  this  increase,  the  production  time  for  each  product 
will  have  to  be  lengthened  by  28  per  cent,  and  as  the  setup  time  is  likely  to 
increase  owing  to  splitting  of  batches  into  lots,  the  total  production  time  will 
probably  rise  by  28  per  cent  or  more.  The  new  plan  is  therefore  no  better  than 
the  original  one  of  Table  14-4  because  the  gap  between  the  consumption  i^riod 
and  the  production  cycle  has  not  been  bridged  or  even  diminished.  Hence  tMs 
method  of  tr3dng  to  obtain  a  satisfactory  plan  by  increasing  the  cycle  time  does 
not  lead  to  a  solution  and  must  be  abandoned. 

That  this  method  is  impracticable  can  be  demonstrated  by  the  following 
considerations.  We  know  that 

This  expression  may  be  replaced  by 

IT^  +  It,  ^T,  +  G 

where  G  is  the  gap  between  the  production  cy'cle  and  the  consumption  period. 

Suppose  we  wanted  to  increase  T^.  by  a  factor  e  in  such  a  manner  that  the 
cycle  test  would  be  satisfied,  thus  leading  to  the  production  time  being  inciea^ 
by  the  same  amount.  Then 

elT^+  = 

e  = _ ^ _ 

T,  -  2T. 

It, -G 

If  the  denominator  is  negative,  the  factor  e  has  no  meaning,  and  the  objective 
cannot  be  attained  (this  is  in  fact  the  case  in  our  example  in  Table  14— t).  If  the 
denominator  is  positive,  its  magnitude  compared  with  that  of  the  numerator 
may  be  such  as  to  cause  the  factor  e  to  be  very  large,  leading  to  a  very  long  cycle. 
This  may  introduce  additional  serious  complications,  such  as  the  determination 
of  the  position  of  the  large  number  of  subdivided  lots  in  the  production  cycle. 
In  such  cases  the  problem  may  be  far  more  easUy  resolved  by  alternative  3, 
namely,  by  increasing  the  rate  of  production. 

Relaxation  of  the  production  ranges 

The  advantage  to  be  derived  from  this  method  is  obvious;  the  v-ider  the  pro¬ 
duction  range,  the  bigger  is  the  chance  for  the  calculated  batch  size  to  comply 


E84  Production  Planning  mid  Control 

witli  the  p  test.  This  may  both  eiiminate  the  necessity  to  split  a  large  quantity 
into  lots  on  the  one  hand  and  the  introduction  of  a  two-cycle  system — owing  to 
one  quantity  being  too  small — on  the  other.  Scheduling  is  greatly  simplified, 
and  if  the  production  ranges  are  wide  enough  to  allow  the  first  interim  solution 
to  be  accepted,  the  procedure  is  indeed  a  straightforward  one.  Suppose  in  the 
example  analyzed  above  a  variable  costs  factor,  p  =  1.10,  was  allowed  for 
products  4  and  5,  and  suppose  p  =  1.11  was  tolerated  for  product  6;  the  first 
solution  presented  in  Table  14-4  would  then  be  acceptable,  and  only  the  quantity 
for  product  4  would  have  to  be  split  into  two  lots.  Products  5  and  6  could  be 
produced  in  the  stated  quantities  every  cycle  and  only  once  per  cycle. 

These  advantages  warrant  a  careful  examination  of  the  allowable  increase  in 
the  variable  costs.  In  many  cases  it  may  be  found  that  a  relaxation  of  this  con¬ 
dition  would  not  cause  a  serious  increase  in  the  total  costs  per  piece,  and  may 
therefore  be  justified.  The  effect  of  the  relaxation  mentioned  above  on  products 
5  and  6  is  as  follows: 

Product  5  Product  6 

Min.  variable  costs  1.82  2.97 

Min.  total  costs  17.82  8.97 

Total  costs  forfi  =  1,05  17.91  (0.5%  increase)  9.12  (1.7%  increase) 

Total  ccsrsforja  =  1.10  18.00  (1.0%  increase)  9.27  (3.3%  increase) 

Total  costs  forp  =  1.11  —  9.30  (3.7%  increase) 

It  is  evident,  therefore,  that  an  allowable  increase  in  p  has  little  effect  on  the 
costs  of  product  5,  and  it  may  be  concluded  that  its  batch  size  need  not  be 
subdivided.  Whether  the  increase  in  total  costs  of  product  6  can  be  allowed  is  a 
question  that  can  he  decided  only  when  the  full  facts  of  the  case  under  con¬ 
sideration  are  known. 

It  should  be  pointed  out,  however,  that  relaxation  of  the  p  limitation  con¬ 
stitutes  only  a  half-measure  in  reducing  the  difficulties  arising  from  the  solution 
given  in  Table  14-4.  The  p  test  has  nothing  to  do  with  the  production  capacity 
of  the  plant,  and  the  cycle  test  has  yet  to  be  met.  Hence  a  critical  examination 
of  the  production  ranges  should  be  carried  out  in  conjunction  with  a  method 
that  tackles  the  problem  of  cycle  compatibility  by  either  increasing  plant 
capacity  or  reducing  the  production  loading,  two  methods  which  will  now  be 
examined  in  some  detail. 

Increase  the  capacitif  of  tMe  plant 

If  the  complete  production  program  as  prescribed  is  to  be  maintained,  i.e.,  all 
products  must  be  manufactured  and  all  must  always  be  available,  an  increase 
of  the  output  capacity  of  the  plant  is  unavoidable.  Having  failed  to  increase  the 
consumption  period  to  the  level  of  the  production  cycle,  this  method  aims  at 
reducing  the  production  cycle  to  the  level  of  the  consumption  period.  This 
increased  capacity  of  the  plant  may  be  achieved  either  by  adding  or  improving 
existing  machines  or  by  employing  overtime  or  additional  shifts.  The  exact 
method  by  means  of  which  this  increased  capacity  can  be  attained  is  a  matter 
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for  management  decision  after  the  merits  of  the  case  have  been  properly  scruti¬ 
nized.  Provided  the  p  test  is  satisfied,  the  first  step  in  our  example  would  be  to 
reduce  the  production  cycle  to  252  days. 

The  new  production  rate  can  then  be  computed  in  the  following  manner: 

Time  Quoted 
in  Table  14~4  {days) 

Consumption  period  =  252 

Production  cycle  =  322 

Setup  time  =  25.2 

Setup  time  and  allowance  =  25.2  x  1.05  =  26.5 

Hence  total  production 

time  -{-  allowance  =  322  —  26.5  =  295..5 

Total  production  time  =  281.5 

Assuming  that  the  increased  rate  of  production  will  be  kept  throughout,  the 
production  rate  for  each  product  should  be  increased  by  the  factor  281.5/214.8 
==  1.31,i.e.,  bySl  per  cent,  and  the  production  time  for  each  product  vill  then 
be  reduced  by  the  same  factor. 

The  new  values  of  production  rates  will  cause  the  ratios  y  in  Table  14^3  to 
decrease,  thus  leading  to  a  slight  increase  in  the  batch  sizes.  But  this  eifect  is  not 
likely  to  be  marked.  For  product  1,  for  example,  the  new  value  of  y^  is  0.2/1.31 
=  0.153,  resulting  in  Jii  =  0.963  X  10“^,  =  5,570,  and  the  production 

range  being  4,070  —  7,650.  Unless  the  change  in  the  ratios  y  is  considerable, 
there  is  no  need  to  recalculate  these  quantities,  and  the  solution  presented  in 
Table  14-4  may  be  left  as  it  is. 

Of  course  it  is  possible  to  adopt  a  policy  whereby  the  rate  of  production  is 
increased  only  during  specific  mtervals  in  the  cycle,  by  using  overtime  or  shift 
work.  For  instance,  one  could  visualize  a  solution  by  doubling  the  production 
rates  of  products  3  and  4,  thus  bringing  down  the  production  cycle  to  the 
desired  level.  However,  when  only  some  of  the  products  are  to  be  manufactured 
at  an  increased  rate,  the  effect  on  y  can  be  large  and  the  batch  size  may  have  to 
be  rechecked.  Whether  a  uniform  mcreased  rate  of  production  or  a  concentrated 
effort  in  an  intermittent  fashion  should  be  adopted  is  again  a  question  of  policy 
which  management  has  to  decide  on. 

This  method  of  increased  production  rates — though  sometimes  a  nuisance  and 
not  even  always  feasible  for  various  reasons — ^is  a  useful  and  a  comparatively 
simple  tool  from  the  point  of  view  of  scheduling,  when  a  solution  is  sought  for  an 
ambitious  production  plan  such  as  the  one  shown  in  Table  14-4. 

Problems  presented  by  a  product  for  which  the  computed  batch  size  is  too 
small  can  also  be  tackled  by  increased  production.  The  quantity  quoted  for 
product  6  in  Table  14-4  does  not  pass  the  p  test,  but,  as  already  mentioned,  it 
could  be  produced  in  a  larger  quantity  (nearer  to  the  minimum-cost  batch  size) 
once  every  two  cycles,  so  that  the  consumption  period  of  the  product  will  be 


New  Time  (days) 

252 

252 

25.2 

25.2  X  1.05  =  26.5 


252  -  26.5  =  225.5 
225.5 

=  214.8 


1.05 


386  Ffodmiiofi  Planning  and  Control 


equal  to  the  sum  of  the  two  production  cycles.  The  production  plan  can  be 
constructed  by  the  following  steps: 

1.  Find  the  length  of  the  consumption  period  of  the  short  cycle  (excluding 
product  6). 

2.  Add  the  two  consumption  periods  and  compute  the  quantity  for  product  6, 
to  satisfy  the  demand  throughout  the  whole  period. 

3.  Apply  the  p  test,  to  determine  the  number  of  lots  per  batch. 

4.  Adjust  the  production  rates  in  the  two  cycles  to  bring  the  production 
cycles  in  line  with  the  consumption  periods,  and  modify  the  production  plan 
accordingly. 

5.  Check  whether  this  adjustment  will  have  any  serious  effect  on  the  batch 
sizes,  and  if  so,  recalculate  the  quantities  and  repeat  steps  1,  2,  and  3.  Even  if 
the  quantities  are  greatly  affected,  it  will  be  found  that  one  repeated  calculation 
will  be  sufficient. 

6.  Apply  the  p  test  and  the  cycle  test  as  a  final  check. 

7.  Determine  the  final  production  schedule. 

In  the  procedure  outlined  above,  a  decision  has  to  be  taken  before  step  4,  on 
the  question  of  intermittent  or  uniform  increase  rates  of  production.  Let  us  now 
folow  this  procedure  in  an  attempt  to  suggest  a  reasonable  solution  to  our 
problem. 

Step  1 

In  order  to  find  the  length  of  the  shorter  cycle,  only  the  batch  size  of  product  1 
needs  to  be  computed,  but  it  may  be  just  as  well  to  give  the  complete  tentative 
solution,  similar  to  Table  14-4,  as  it  provides  additional  information  which  will 
he  needed  later.  Since  product  6  is  not  included  m  this  cycle,  the  data  regarding 
this  prcxiuct  in  Table  14-3  may  be  ignored.  Hence 


2s 

s^ 


5.3 


K, 


=  13.74 


=  /  __  /  5.3 

V  ~  y  13.74 


=  0.621 


leading  to  a  batch  size  for  product  1 : 

Qi  =  §iQim  =  0.621  X  5,540  =  3,440  pieces 


It  is  evident  at  this  point  that  the  value  of  is  too  low  and  that  some  of  the 
quantities  in  the  solution  will  be  smaller  than  the  lower  limits  of  the  respective 
production  ranges  and  wdll  not  satisfy  thep  test.  Instead  of  proceeding  with  the 
complete  tentative  solution  for  the  short  cycle,  a  short  cut  can  be  taken  by 
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stating  that  the  batch  size  of  product  1  has  to  be  increased  at  least  to  the  lower 
limit  of  the  production  range  by  selecting  =  0.73.  This  is  the  lowest  value  for 
we  dare  take,  as  a  lower  value  would  violate  the  p  test.  It  is  evident  that  by 
increasing  the  return  of  profit  per  investment  will  be  lower  than  the  one  that 
could  be  attained  by  g^  =  0.621,  as  found  above.  If,  however,  the  conditions  as 
stated  do  not  allow  any  increase  in  the  price  of  the  product  above  a  certain  level, 
and  if  the  product  must  always  be  available,  it  must  be  imderstood  that  a  solu¬ 
tion  for  maximum  return  of  profit  cannot  be  achieved. 

It  should  also  be  stated  that  in  general  the  point  of  maximum  return  of  profit 
is  attained  when  the  first  tentative  solution  passes  the  p  test  and  the  cycle  test. 
But  when  these  conditions  are  not  satisfied  by  the  first  solution  (and  it  may  be 
reasonably  expected  that  in  most  cases  they  are  not),  any  modifications  intro¬ 
duced  into  this  solution,  such  as  division  of  batches  into  lots  or  boosting  one 
quantity  to  the  production  range  level,  may  cause  the  solution  to  depart  from 
the  point  of  maximum  return.  The  amount  of  such  a  departure  and  the  question 
whether  it  will  be  acceptable  are  subjects  of  an  additional  check  that  can  be 
carried  out  when  the  final  solution  has  been  suggested. 

Assuming  that  in  our  case  the  condition  limiting  the  increase  in  costs  per 
piece  is  prevalent,  and  selecting  g-^  —  0.73,  then 

X  =  4,040  pieces 

Q2  =  a^Qi  =  1.2  X  4,040  =  4,850  pieces 

and  so  on.  The  interim  solution  of  the  short  cycle  is  given  in  Table  14-5,  in 
which  it  is  concluded  that  the  consumption  period  is  202  days.  As  in  the  case  of 
Table  14-4,  it  appears  that  the  production  plan  for  the  short  cycle  is  too  am¬ 
bitious  and  overtime  will  have  to  be  used,  as  shown  later. 

Table  14-5 

Interim  Short-Cycle  Plan 

Prodtwt 


1 

2 

3 

4 

5 

Remarhs 

Batch  size,  Q 

4,040 

4,850 

6,060 

7,280 

8,090 

Consumption  period 

T  =  —  =  202  days 

p  test 

V 

\/ 

V 

X 

No.  of  lots 

Production  time,  jP^ 

1 

1 

1 

2 

1 

Totals 

(days) 

40.4 

32.3 

30.3 

66.2 

20.2 

=  189.4 

Setup  time,  (days) 

4.0 

2.4 

4.8 

4.0 

4.0 

S4  =  19.2 

Total  production 

time  (days) 

44.4 

34.7 

35.1 

70.2 

24.2 

208.6 

Production  cycle 

Length  of  production 

cycle 

=  208.6 

X  1.05  —  219  days 
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Step  2 

The  total  length  of  the  two  cycles  can  now  be  found  by  adding  the  consumption 
periods:  252  +  2"02  =  454  days.  The  quantity  for  product  6  that  should  be 
produced  in  the  long  cycle  is  454  x  50  =  22,700  pieces.  The  modified  version 
of  Table  14r4  is  shown  in  Table  14-6. 

Table  14-6 


Interim  Long-Cycle  Plan 


1 

2 

3 

Product 

4 

5 

6 

Pemarks 

Batch  size,  Q 

5,050 

6,060 

7,570 

9,090 

10,100 

22,700 

Consumption  period 

p  test 

v' 

V 

V 

X 

X 

%/ 

T,i_5  =  252  days 
Tfg  =  452  days 

ISTo.  of  lots 

1 

1 

1 

2 

2 

1 

Broduction  time, 

(days) 

50.5 

40.4 

37.8 

82.6 

25.2 

81.1 

Totals 

HTp  =  317.6 

Setup  time,  4 
(days) 

4.0 

2.4 

4.8 

4.0 

8.0 

8.0 

2^,  =  31.2 

Total  production 

time  (days) 

54.5 

42.8 

42.6 

86.6 

33.2 

89.1 

348.8 

Production  cycle 

Length  of  production  cycle  348.8  x 

1.05  = 

366  days 

Step  3 

The  appiication  of  the  p  test  to  Tables  14-5  and  14-6  shows  that  none  of  the 
quantiti^  in  the  two  interim  solutions  is  below  the  appropriate  production 
range.  Product  5  will  have  to  be  produced  in  two  lots  in  the  long  cycle,  while  the 
quantities  for  product  4  can  be  divided  into  either  two  or  three  lots  in  both 
cycles.  In  both  cases  two  lots  per  cycle  were  selected  in  order  to  avoid  excessive 
setup  times. 

Step  4 

Assuming  a  uniform  increase  in  production  rate  is  to  be  adopted  for  all 
products,  the  increase  can  now  be  calculated.  For  the  long  cycle  (see  Table  14-6), 
the  total  production  time  (including  the  safety  allowance)  is 

366  -  31.2  X  1.05  =  333.2  days 
This  period  should  be  reduced  to 


252  -  31.2  X  1.05  =  219.2  days 
The  increase  should  be  by  the  ratio 


333.2 

219.2 


=  1.52 
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For  the  short  cycle  (see  Table  14-5),  the  total  production  time  (including  the 
safety  allowance)  is 

219  -  19.2  X  1.05  =  198.8  days 
This  period  should  be  reduced  to 

202  -  19.2  X  1.05  =  181.8  days 
Hence  the  increase  is  by  the  factor 


198.8 

181.8 


1.09 


Now  that  the  amount  by  which  production  should  be  boosted  has  been  found, 
the  modified  version  of  the  solution  can  be  stated,  as  shown  in  Table  14-7.  Note 
that  this  modification  does  not  affect  the  batch  sizes,  the  only  change  being  in 
the  production  times. 

Step  5 

The  main  effect  of  increased  plant  capacity  on  the  batch  sizes  is  expected  in 
the  long  cycle,  where  production  rates  have  been  increased  by  52  per  cent. 
Since  the  suggested  two-cycle  plan  in  Table  14-7  is  based  on  the  normal  produc¬ 
tion  rates  quoted  in  Table  14-2,  it  is  necessary  either  to  ascertain  that  this  plan 
is  still  valid  or  to  modify  it  in  the  light  of  the  new  data.  Normally  a  check  on  one 
product  may  be  enough  to  indicate  whether  the  effect  is  likely  to  be  mark«i. 
The  minimum-cost  batch  sizes  and  production  ranges  for  the  case  under  con¬ 
sideration  have  been  recalculated,  and  when  these  (shown  in  Table  14-8)  are 
compared  wdth  the  figures  in  Table  14-2,  it  is  evident  that  the  changes  are  very 
slight,  and  hence  the  proposed  solution  in  Table  14-7  is  unaffected. 

Step  6 

The  p  test  and  the  cycle  test  have  been  applied  with  satisfactory  results,  as 
shown  in  Table  14-7.  All  the  batch  sizes  fall  within  the  production  ranges,  and 
the  production  cycle  is  geared  to  the  demand. 

Step  7 

Having  now  satisfied  all  the  requirements  and  limitations  that  were  imposed 
at  the  outset,  the  only  problem  left  is  the  formulation  of  the  final  production 
schedule.  When  only  one  cycle  has  to  be  scheduled,  during  which  each  product  is 
produced  only  once,  the  solution  is  straightforward,  since  the  gearing  of  produc¬ 
tion  to  consumption  is  ensured  when  the  formula  for  optimizing  the  return  of 
the  profit  in  a  multiproduct  program  is  applied.  The  order  in  w^Mch  the  products 
should  be  manufactured  is  immaterial  as  long  as  the  same  order  is  kept  in  every 
cycle. 

However,  when  cycles  are  not  identical,  and  especially  when  some  products 
have  to  be  produced  more  than  once  in  one  cycle,  the  scheduling  may  present 
some  difficulties.  The  main  problem  is  then  to  ensure  that  while  each  product 
should  always  be  in  stock,  this  stock  should  not  be  excessive  when  manufacture 


Table  14^7 

A  Two-Cycle  Production  Plan  (lncrca»ed  Plant  Capacity) 

Product  Remarks 
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Table  14-8 

The  Effect  of  Increased  Plant  Capacity  on  the  Production  Ranges 
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of  the  product  is  resumed;  otherwise,  high  carrying  costs  wall  be  incurred.  In 
some  cases  it  may  be  necessary  to  introduce  some  modifications  in  the  batch 
sizes,  mainly  where  quantities  which  haye  to  be  divided  into  several  lots  are 
concerned.  It  has  been  decided,  for  instance,  to  manufacture  product  4  in  two 
equal  lots,  but  this  decision  was  an  arbitary  one  and  it  is  possible  to  divide  the 
quantity  for  this  product  into  two  mieqiial  lots,  if  thereby  a  more  satisfactory 
schedule  can  be  obtained. 


Figure  14-2.  Production  schedule:  increased  plant  capacity. 
( Figures  indicate  batch  sizes ) 
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The  final  schedule  for  the  plan  as  suggested  in  Table  14-7  is  shown  in  Fig. 
14-2.  The  setup  time  and  the  safety  allowance  are  represented  together  as  total 
setting  period  Tg  (e.g.,  for  product  1  in  the  short  cycle,  =  4.0  -r  1-9  =  5.9 
days).  The  change  in  stock  is  plotted  for  each  product  in  order  to  facilitate  con¬ 
trol  of  stock  levels  throughout  the  cycle. 

Thus  it  has  been  shown  that  the  method  of  increased  plant  capacity  offers  a 
means  to  master  a  production  load  that  would  be  otherwise  impossible  to  meet 
with  the  existing  facilities.  It  must,  however,  be  borne  in  mind  that  increased 
capacity  may  affect  the  given  data  of  machine  setup  costs  and  constant  costs 
per  piece.  Introduction  of  new  equipment  or  special-purpose  machines  and 
increased  labor  charges  for  overtime  are  only  two  factors  that  are  likely  to  affect 
the  issue  and  which  may  have  to  be  taken  into  account. 

Modify  the  requirements 

If  it  is  impossible  to  add  or  replace  machinery  to  increase  the  output  capacity  of 
the  plant,  or  if  it  is  undesirable  for  any  reason  to  employ  overtime  or  shift  work, 
the  preceding  method  cannot  be  applied,  and  we  are  faced  then  with  the  problem 
of  tackling  the  demands  with  the  production  rates  specified  in  Table  14-2. 
It  has  already  been  stated  that  existing  machines  and  facilities  are  inadequate 
to  cope  with  the  rate  of  consumption,  and  therefore  the  load  as  presented  by  the 
first  solution  in  Table  14—4  wdll  have  to  be  relaxed.  This  can  be  done  in  one  or 
both  of  the  following  methods: 

1.  Delete  one  or  more  of  the  products  from  the  production  plan  in  onier  to 
shorten  the  production  cycle;  the  gap  between  the  consumption  period  and  the 
production  cycle  in  Table  14-^  is  70  days,  and  it  would  appear  that  elimination 
of  product  4  or  tw^o  other  products  will  be  necessary. 

2.  Modify  the  requirement  that  all  the  products  must  always  be  in  stock:  it 
would  be  unreasonable  to  assume  that  a  relaxation  of  this  requirement  could  be 
applied  to  all  products  (in  which  case  the  cycle  test  is  immaterial  and  the  pro¬ 
duction  plan  w^ould  consist  of  producing  each  product  in  turn  at  its  minimum- 
cost  batch  size),  but  even  if  it  can  be  tolerated  for  one  or  two  products,  the  plan 
could  be  more  easily  formulated.  From  Table  14-4,  however,  it  is  evident  that 
the  production  cycle  is  so  long  in  relation  to  the  production  period,  that  reducii^ 
the  production  level  of  one  or  two  products  is  not  going  to  help. 

The  question  of  which  products  are  absolutely  mdispensabie  to  the  organiza¬ 
tion,  and  which  may  be  deleted  if  need  be,  is  obviously  connected  with  a  great 
many  factors  such  as  competition  in  the  market,  legal  or  moral  obligations  by  the 
firm  to  produce  specific  articles,  technical  or  consumer  relation  between  products, 
profitability  of  the  products,  future  trends  of  consumption  indicated  by  market 
research,  and  future  policies  of  the  firm  for  specialization  or  expansion. 

Suppose  in  our  case  it  was  decided  better  to  dispense  with  product  4  rather 
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than  with  two  other  products.  An  interim  solution  replacing  Table  14—4  can  be 
worked  out.  Using  the  data  in  Table  14r-3  and  excluding  product  4, 


2^ 


=  14.8 


=  14.34 


^1  = 


/  14.8 
V  14.34 


1.015 


The  modified  plan  is  given  in  Table  14-9. 

The.  p  test.  Products  1  and  2  comply  with  this  test.  The  quantity  for  product  3 
deviates  so  little  firom  the  production  range  (by  50  pieces)  that  it  does  not  seem 
practical  to  divide  it;  indeed  in  this  case  a  division  to  two  lots  will  cause  a  more 
marked  deviation.  Product  5  has  to  be  manufactured  more  than  once  during  the 
cycle.  In  view  of  the  arguments  put  forward  earlier,  the  production  range  can 
probably  be  relaxed  in  such  a  way  that  only  one  lot  per  cycle  need  be  produced. 
For  the  sake  of  illustration  we  shall,  however,  prescribe  two  lots,  in  strict  accord¬ 
ance  with  the  production  range  cited  in  Table  14-3.  The  quantity  for  product  6  is 
again  far  too  small  and  a  two-cycle  system  is  required. 


Table  14-9 

Modified  PT€Mimction  Plon  Excluding  Product  4 
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The  cycle  teM.  It  is  clear  from  Table  14-9  that  elimination  of  product  4  has 
served  the  purpose  of  bridging  the  gap  between  the  consumption  period  and  the 
production  cycle.  In  fact,  we  have  now  20  extra  days  available  for  production. 

A  two-cyde  plan.  The  application  of  the  p  test  to  product  6  has  shown  the 
necessity  for  a  two-cycle  plan.  The  20  available  days  in  the  cycle  suggested  in 
Table  14—9  could  be  used  to  manufacture  more  of  product  6  to  satisfy  the  demand 
for  it  during  two  cycles,  the  short  cycle  excluding  product  6  altogether.  The 
procedure  to  be  followed  is  somewhat  similar  to  that  of  the  increased  plant 
capacity  method: 

1.  Find  the  consumption  period  of  the  short  cycle. 
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2.  Add  the  two  consumption  periods  and  compute  the  quantity  required 
for  product  6. 

3.  Determine  if  the  additional  required  amount  complies  with  the  available 
production  capacity  in  the  long  cycle.  If  it  does  not,  transfer  partial  production 
to  the  short  cycle,  if  capacity  for  the  purpose  is  available,  or  modify  the  short 
cycle. 

4.  Outline  the  production  plan. 

5.  Apply  the  p  test  and  determine  the  number  of  lots  per  batch.  Apply  the 
cycle  test. 

6.  Introduce  adjustments  into  the  plan,  if  necessary. 

7.  Determine  the  final  production  schedule. 

We  shall  now  follow  this  procedure  in  an  attempt  to  define  an  acceptable 
solution. 

Step  1 

From  Table  14-3,  it  can  be  found  that  for  the  short  cycle  (in  which  products 
1, 2, 3, 5  are  produced)  g-^  =  0.705.  As  this  factor  will  yield  for  product  1  a 
quantity  that  is  smaller  than  the  production  range,  the  value  =  0.73  has 
to  be  selected,  leading  to  quantities  as  shovm  in  Table  14-5  (disregarding  product 
4)  and  a  consumption  period  of  202  days. 

Steps  2  and  S 

The  consumption  periods  of  the  two  cycles  amount  to  281  +  202  days 
=  483  days.  Hence  483  x  50  =  24,150  pieces  of  product  6  have  to  be  manu¬ 
factured  in  the  long  cycle,  an  addition  of  10,100  pieces,  corresponding  to 
36.1  days  of  production.  Since  only  20  days  are  available  in  the  long  cycle, 
(actually,  only  19  if  the  5  per  cent  safety  allowance  is  to  te  aecount«i  for), 
production  of  product  6  will  have  to  continue  for  17.1  days  in  the  short  cycle. 
From  Table  14-5  it  is  clear  that  if  product  4  is  missing  from  the  plan,  the 
production  cycle  will  be  shorter  than  the  consumption  period,  and  hence  such 
an  overflow  into  the  short  cycle,  using  some  of  its  available  production  capacity, 
is  possible. 

Step  4 

The  production  plan  is  now  outlined  in  Table  14—10,  Since  the  manufacture 
of  product  6  in  the  two  cycles  is,  in  fact,  carried  out  in  one  continued  pericMi, 
the  setup  time  was  taken  only  once  into  account. 

Steps  5  and  6 

Application  of  the  p  test  and  the  cycle  test,  as  shown  in  Table  14—10,  gives 
satisfactory  results.  The  production  tune  interval  in  both  cycles  does  not  exceed 
the  consumption  period  and,  in  fact,  in  the  short  cycle  we  have  35.8  days 
in  hand,  which  is  available  for  meeting  additional  orders.  This  time  may  be 
used,  for  example,  to  produce  product  4,  but  it  is  evident  that  the  quantit}. 
that  can  he  produced  will  he  sufiSicient  to  satisfy  only  a  fraction  of  the  demand 
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for  tins  product.  Accoimtiiig  for  the  safety  allowance  and  the  setup  time, 
the  available  time  for  production  is  35.0  days,  during  which  3,850  pieces 
of  product  4  can  be  produced,  and  this  figure  passes  the  p  test.  It  will,  however, 
cover  a  demand  period  of  only  107  days,  i.e.,  22.1  per  cent  of  the  total  demand 
during  the  two  cycles.  At  this  stage  no  adjustment  to  the  plan  is  necessary 
because  it  complies  in  all  details  with  our  modified  conditions. 

Step  7 

Scheduling  is  attempted  on  the  principles  discussed  previously,  and  as 
in  the  case  of  Fig.  14-3,  it  is  found  easier  to  start  with  the  short  cycle.  The 
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position  of  product  4  in  this  cycle  is  immaterial  because  it  is  not  bound  by  a 
consumption  period  to  what  occurs  in  the  long  cycle,  and  this  fact  offers  a  certain 
amount  of  flexibility.  Another  arbitary  decision  that  may  be  modified  at  this 
stage  is  the  division  of  the  quantity  relating  to  product  5  to  lots. 

Suppose  we  determine  that  two  equal  lots  (5,625  pieces  each,  as  shovn  in 
Table  14-10)  should  be  adopted  and  that'  production  should  proceed  by  the 
following  order:  short  cycle,  6  (finish)  1,5, 2, 3, 4;  long  cycle,  1,5, 2, 3, 5, 6  (start).  If 
we  plot  the  change  in  stock  levels,  in  a  similar  way  to  Fig.  14-2,  we  shall  find 
that  too  much  stock  is  carried  over  to  the  last  production  of  product  5.  Although 
this  does  not  result  in  stocks  for  product  5  ever  exceeding  the  ceiling  of  the 
production  range,  it  would  be  better  to  divide  the  quantity  for  this  product  into 
unequal  lots  (say,  4,800  and  6,450  pieces,  respectively)  and  thus  reduce  con¬ 
siderably  the  stock  carried  over.  These  figures,  as  well  as  the  respective  produc¬ 
tion  times  for  the  new  lots,  are  shovm  in  brackets  in  Table  14-10  and  are  taken 
as  the  basis  for  Fig.  14-3,  in  which  the  final  schedule  is  given. 

Figure  14-3  suggests  that  the  distinction  between  two  separate  cycles  in  the 
production  plan  is  somewhat  artificial,  since  the  overflow  of  production  from 
one  cycle  to  the  other  makes  their  boundaries  difficult  to  define,  l^evertheless 
the  outline  as  given  in  Table  14-10  is  useful,  since  it  can  serve  as  a  basis  for 
planning  any  changes  that  may  be  envisaged  in  the  production  schedule. 

The  flexibility  of  this  method  is  obviously  tied  up  vith  the  nature  of  the  re¬ 
laxations  of  the  original  requirements  that  can  be  made,  and  the  looser  th^  are, 
the  simpler  the  procedure  and  the  less  time  taken  to  arrive  at  a  satisfactory  plan. 
It  has,  however,  been  shovTi  above  that  even  with  the  imposition  of  many 
restrictions,  the  method  is  workable  and  clearly  indicates  when  and  what  kind 
of  decisions  have  to  be  taken. 

The  schedules  that  are  finally  defined  by  the  use  of  the  two  methods  described 
above  are  strikingly  similar,  as  shovm  in  Figs.  14-2  and  14-3.  The  main  dif¬ 
ference  between  them  is  the  treatment  of  product  4,  which  was  sacrificed  in  the 
second  method  as  being  the  least  important  in  the  production  plan. 

As  we  have  been  trying  to  produce  the  articles  at  the  point  of  minimum  costs 
per  piece,  it  is  interesting  as  a  final  check  to  see  how  the  two  proposed  schedules 
deviate  from  this  objective.  The  comparison  between  the  actual  production 
costs  and  the  minimum  costs  is  made  in  Table  14-11,  and  it  appears  that  the  costs 
do  not  increase  by  more  than  0.6  per  cent  in  the  case  of  product  1  and  that  the 
increase  is  appreciably  smaller  for  the  other  products. 

Relaxation  of  p  for  two-cycle  production  plans 

In  a  two-cycle  production  plan,  if  a  quantity  is  placed  in  the  extreme  produc¬ 
tion  ranges  in  one  cycle,  the  effect  of  the  corresponding  quantity  in  the  other 
cycle  would  be  to  damp  the  average  increase  in  cost  during  the  whole  schedule. 
This  is  a  good  argument  in  favor  of  relaxing  in  some  cases  the  p  test  in  a  two- 
cycle  system  because,  even  if  in  one  cycle  too  high  variable  costs  are  incurred, 


Table  14-10 

Ttto-€ycle  Production  Plan  (Modified  Jtequirements) 
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Tabic  14-11 

Total  Costs  per  Piece  ($) 
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the  average  throughout  the  schedule  may  still  be  within  the  original  prescribed 
limits.  The  costs  of  product  1,  for  instance,  will  reach  $5.14  per  piece  in  the 
short  cycle.  This  is  the  limit  imposed  by  the  initial  condition  that  the  variable 
costs  should  not  increase  by  more  than  5  per  cent  (selection  of  the  batch  size  for 
product  1  in  this  cycle  has  in  fact  been  governed  by  this  limitation,  when  was 
ascertained).  However^  the  average  costs  per  unit  for  the  whole  schedule  is 
$5.11,  resulting  in  an  increase  of  variable  costs  of  only  2.8  per  cent.  Hence 
a  lower  value  for  could  be  acceptable,  and  the  production  cycle  could  be 
shortened  without  violating  the  initial  p  limitations. 


Stock  Level  Variations 

The  ideal  multiproduct  schedule  should  be  planned  in  such  a  manner  that 
■when  a  batch  of  a  product  is  completed  and  transferred  to  the  stores,  the  former 
batch  has  been  consumed.  This  situation  is  shown  in  Fig.  10-2,  in  Fig.  14-1, 
and  again  in  Fig.  14—4.  When  production  starts,  we  have  Qq  =  T^a^  units  in 
stock.  When  production  ends,  the  stock  level  consists  of  Q  units,  which  is  the 


Figure  14-4.  Scheduling  effects  on  stock  level  variations. 
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amount  that  has  just  been  produced.  Thus  the  stock  level  would  fluctuate 
between  Qq  and  Q  under  these  conditions,  Qq  being  the  safety  stock  that  ensures 
against  fluctuations  in  rate  of  demands  or  delays  in  the  schedule. 

As  soon  as  we  start  modifying  the  initial  multiproduct  schedule  when  it  does 
not  comply  with  the  p  test,  the  sequence  of  the  products  in  the  schedule  may 
cause  the  stock  level  changes  to  deviate  from  the  ‘Idear**  situation.  Two  situa¬ 
tions  may  arise  (Fig.  14-4): 

1.  A  “backward”  shift  in  the  schedule,  when  production  starts  by  t  units  of 
time  too  soon;  at  the  point  where  production  starts,  the  stock  level  is 

Q^o  =  i^p  +  =  Qo  “T 

and  when  production  is  completed,  the  stock  level  is  Q  +  ta^.  The  effect  of 
backward  shift  is,  therefore,  to  raise  the  whole  level  of  the  stock  level  diagram 
by  tog.  The  stock  will  fluctuate  betwwn  -f  Q  +  tUc,  and  the  average 

stock  held  in  the  stores  is  increased  by  ta^. 

2.  A  “forward”  shift  in  the  schedule,  when  production  starts  too  late, 
production  starts  when  the  stock  level  is 

^  0  “  Qo 

and  w^hen  production  stops,  the  level  is  $  — 

We  may  sometimes  want  to  introduce  such  shifts  quite  deliberately.  If  the 
system  is  fairly  deterministic,  we  can  afford  to  reduce  the  safety  stock  Qq  by 
having  a  forward  shift.  If,  on  the  other  hand,  comparatively  large  fluctuations 
may  be  expected,  the  stock  level  can  be  increased  by  a  backward  shift.  When  a 
batch  has  to  be  divided  into  tw^o  or  more  lots  during  the  cycle,  the  actual  lot 
size  can  often  be  used  as  a  regulating  mechanism  through  which  desirable  or 
tolerable  shifts  can  be  included  in  the  schedule.  Thus,  as  we  have  already  pointed 
out  in  the  multiproduct  example  above,  the  division  of  the  batch  need  not  be 
into  equal  lots,  and  if  the  production  range  is  wide  enough,  a  considerable 
amount  of  flexibility  in  specifying  the  individual  lot  sizes  is  ensured.  In  outhning 
the  production  schedule,  it  is  often  convenient  to  construct  a  skeleton  consisting 
of  the  more  sensitive  products  and  then  to  try  and  fill  in  the  gaps  by  batches  of 
insensitive  products. 

Application  of  the  Theory  to  Assembly  Work 

The  theory  of  multiproduct  batch-size  determination  may  prove  to  be  very 
useful  in  cases  where  the  final  product  is  an  assembly  made  of  several  compo¬ 
nents,  which  must  also  be  produced  on  a  batch  basis.  The  components  often 
involve  different  setup  costs,  materials  costs,  production  rates,  etc.  If  each 
component  were  considered  on  its  own,  each  would  have  its  corresponding 
optimal  batch  size,  and  in  most  cases  these  optimal  values  would  be  different 
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for  the  different  componerits;  furthermore,  they  would  be  different  from  the 
optimal  batch  size  for  the  final  product.  This  could  easily  lead  to  complications 
in  the  production  schedules  and  result  in  a  cumbersome  inventory  control 
system — a  situation  only  too  famiMar  in  plants  engaged  in  batch  production. 
Since  some  of  the  components  have  to  be  carried  in  stock  over  a  long  period, 
there  are  many  cases  where  changes  in  designs  or  models  make  some  of  the 
stocks  obsolete,  causing  considerable  losses  to  the  firm. 

These  difficulties  are  greatly  alleviated  by  the  use  of  the  theory  of  multi- 
product  batch  size  determination.  The  consumption  rate  o-g  of  the  final  product 
is,  in  fact,  the  rate  at  which  the  components  are  required  for  the  assembly  line, 
namely, 

~  ^cl  ~  ^'C2  ~  =='**=  a^^  _  . . . 

where  is  the  consumption  rate  of  the  tth  component  in  units  per  unit  time 
(a  unit  of  a  component  is  defined  here  as  the  number  of  pieces  required  per  one 
final  assembly).  But  as  the  consumption  period  T^,  is  the  same  for  all,  it  follows 
that  the  quantities  are  the  same: 

Q  =  =  •  •  •  =  Q.  = 

where  Q  is  the  batch  size  of  the  final  product  and  is  the  batch  size  of  com¬ 
ponent  t.  The  term  quantity  in  this  case  prescribes  the  number  of  units  required 
per  Q  units  of  the  final  product.  Thus,  if  two  pieces,  say,  of  component  4  are 
required  for  each  assembly,  and  ff  Q  =  1,000  units,  then  —  1,000  units 
=  2,000  pieces. 

The  procedure  for  determining  the  batch  sizes  would  be  as  follows: 

1.  Calculate  the  optimal  batches  for  the  product  and  for  the  components 
when  each  is  considered  on  its  own. 

2.  Bind  the  production  range  for  each. 

3.  Select  a  quantity  Q  that  would  faU  within  the  production  range  of  the  final 
product  and  within  the  respective  ranges  of  most  of  the  components. 

4.  These  components,  for  which  Q  is  beyond  the  limits  of  their  ranges,  will 
be  treated  by  the  'long  cycle”  approach  and  will  be  produced  once  every  two  or 
more  cycles.  With  a  realistic  selection  of  the  p  factor  for  each  component,  the 
ranges  would  usually  be  so  wide  that  resorting  to  the  long  cycle  would  be  the 
exception  rather  than  the  rule. 

5.  The  batch  size  Q  has  to  be  re-examined  in  the  light  of  the  production 
schedule. 

The  advantages  of  this  method  are  only  too  obvious.  The  selection  of  a 
batch  size  Q  within  the  limits  of  the  production  range  of  the  final  product  ensures 
that  the  costs  per  unit  will  remain  below  a  predetermined  level,  while  the 
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Sirnu^  how<^v(a*,  f4HSM(‘.  t-wo  objcad-ivc^H  nn<Ml  not-  bn  <u)»nf)atibl(\  th(^  l)at-c;li  hizch 
for  tlu^  optima,!  H(^[K^<iub^  may  diffnr  from  tla^  r(‘Hp(Hd-iv<^  batedu^H  r(‘(|nin‘d  for 
individua-l  prodiu^t- ojd-imi'/a-tion,  a-ral  in  oni(a'  to  r(^<ion<‘,il(‘,  thn  two,  a  (‘,ompromiH(^ 
j)rodnc,t-ion  Hc,b<^<lul(^  l»aa  l-o  b<^  cu)nHtrn(vbHb  TliiM  in  wlaax^  thc^  f)rodun-tion  rang(^ 
b(a',om(^H  vea’Y  UHC^fuI,  Himu*;  it-  HfXH'ifa^'i  t-lio  a,llowahl<^  (bwiatioiiH  from  the:  indi» 
vidua, I  opt-imurnM  a,nd  t-h<a'e:l>y  provid(^'^  a-  (xiri-ain  amouiit-  of  fle!xibilit-y  in  tlm 
e,onHt-rue,t,ioti  of  t-fu*  H(^}uxl(d(% 

mod(0  in  t-bin  eba-pi-er  in  ba-!a(^a,l)y  a  (bdorminintic  om^.  Kbie,(-ua-tionH  in 
(X)nHum[)t-ion  an^  a,(ux)unt(‘d  for  by  Hp(xaryinj.';  a-i)prof)riai-o  Ha-(ety  ntoek 
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f)at/(‘,fj  Hi/a^H  a,nd  t-la*:  He<b(xluk%  Tlu^  Holut-ion  munt  t-[Ha*<dbrc^  b(*,  eouHta-ntly  r(v 
(waluat-(xl  in  t-lie;  li|.>:bt  of  e,fuu4.pn^„^  eireurriHt-a-mx^H,  in  ord<u'  t-o  ermure;  that  tb(‘. 
pla-nt-  (!ont-inu(^H  t-o  (?orn[)ly  with  t-fie  reHt-ri<*,t-ionH  irnpo-stxl  oti  t-bc^  Hyntern  and  t-o 
op(a'at-es  a,e,e,ordin^^  to  tfio  fx^nt  luduxlub^  t-fuit-  (!an  bo  (airnmtJy  d(4inc*,d. 

Heferenees 

Kilorn  So  Se.bodiding  for  batch  prociucitioii  (d.  luHt-it-nUon  of  Pro(lue,t-ion  lOngimxa’H, 
Augnat,  1957). 

t)ilon,  S.:  lOe-onomic,  f>atc-b  Hiz(^  d(d,(aarunat-ion  for  rnultif)rodu(!t  Hcboduling  (Opera- 
iiona-1  H(^H(^a,r(di  Oua-rt-ca'iy,  U.K.,  l)(x»,(anb(a*,  1959). 

ProhlemB 

1.  For  ib(5  following  two  productH; 


No.  i  No.  2 

^(1)  200  400 

/<  (I)  1.0  X  10“»  5.0  X  lO"** 

Uy,  (aaitH/day)  100  B60 

f/,,.  (nriiiK/da,y)  50  200 

p  ‘  1.08  1.04 


(i)  Sfxxufy  the  bai-(;b  Hi/.(^H  for  (xmh  product  for  maximum  return  of  the 
H(;b(idule. 

(ii)  ()h(5(d<,  whot-laa*  tlu^HO  bat-eiH?H  arc  in  the  n^Hpoctive  production  ranges, 

(iii)  Find  tho  available  rnacdiino  time  for  additional  production. 
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2.  Show  that  when,  a  schedule  of  n  products  is  optimized  for  maximum  return,  the 
batch  size  for  product  1  is 


Qim  — 


where 


EiToc^ 

_  Q  im 
Qlm 


■  Qlm 


3.  Data  relating  to  three  products  in  a  production  schedule  are  given  below: 


(units/day) 
£ip  (iinits/day) 
Ki$) 

(units) 


1 

10 

200 

1.0  X  10-^ 
4,0W 


Product 

2 

40 

200 

1.0  X  10-^ 

6,000 


3 

100 

200 

1.0  X  10- 
6,000 


If  the  allowable  relaxation  factor  p  =  1 .08,  draw  out  a  production  schedule 
for  (i)  maximum  return;  (ii)  maximum  rate  of  return. 

4.  Suggest  a  schedule  aimed  at  maximum  return  for  the  following  three  products, 
when  p  =  1.05  is  allowed: 


(imits/day) 
a,  funits/day} 
c  (8) 

B  {$) 

MS) 

4  (days) 


1 

20 

40 

4.0 

0.001 

3,000 

2.0 


Product 

2 

24 

150 

1.8 

0.001 

1,800 

1.4 


3 

36 

80 

12.5 

0.001 

1,500 

1.2 


A^ume:  i  —  8%,  300  working  days  in  a  year. 


5.  Repeat  the  calculations  for  the  example  given  in  this  chapter,  but  assume  no 

safety  ailowanee  need  be  taken  into  account. 

6.  A  plant  has  two  production  lines.  Some  of  its  products  can  be  manufactured 

only  on  one  line;  some  can  be  loaded  on  both.  How  would  you  proceed  to 
determine  an  optimal  schedule,  if  data  for  eight  products  are  as  given  below: 

Product 


a,  lunits/day) 

1 

50 

2 

3 

4 

5 

6 

7 

s 

a 

1.0 

1.0 

1.2 

1.2 

1.5 

1.6 

2.0 

4.0 

(imits/day) 

500 

5^00 

500 

500 

800 

800 

1,000 

1,000 

500 

500 

500 

500 

1,000 

1,000 

1,000 

1,000 

K{$  X  10-^} 

1.0 

1.0 

1.0 

1.0 

0.5 

0.5 

0.5 

0.2 

P 

1.05 

1.05 

1.05 

1.05 

1.10 

1.10 

1.10 

1.10 

Producible  on  line 

I 

I,  II 

1,11 

I 

n 

II 

I,  II 

II 

A^ume:  (i)  4  =  1  day  for  any  product. 

(ii)  Optimize  for  maximum  return. 

(iii)  Products  are  manufactured  in  succession. 

(iv)  Use  overtime  if  necessary. 

(v)  p  for  product  3  may  be  relaxed  to  1.08,  if  so  desired. 
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ELEMENTS  OF  CONTROL 

PROCEDURES 


The  efficiency  of  a  process  or  a  machine  is  measured  by  the  ratio  of  output  to 
input.  Ideally,  this  is  the  criterion  that  ought  to  be  used  in  defining  the  efficiency 
of  a  production  organization.  The  input  includes  all  the  resources  and  potential 
capabilities  of  the  plant  in  men,  materials,  and  machines,  as  well  as  in  organiza¬ 
tional  abilities;  the  output  is  simply  the  results  realized  within  a  certain  period  of 
time.  But  it  is  obvious  that  ‘Input’’  and  “output”  are  rather  difficult  to  define  in 
accurate  terms  in  this  case,  especially  if  we  are  to  measure  them  quantitatively 
in  so  many  units.  Hence  the  only  way  in  which  we  can  assess  the  efficiency  of  the 
production  plant  is  by  comparing  actual  performance  with  targets  specified  in 
the  production  program,  provided  this  program  is  planned  in  good  faith  and 
provided  the  plant  is  capable  of  coping  with  it. 

It  is  erroneous,  however,  to  conclude  that  production  control  is  only  concerned 
wdth  an  academic  detached  and  somewhat  passive  assessment  of  the  plant 
performance.  Production  control  must  be  an  active  function;  ideally,  it  must 
operate  like  an  automatic  self-regulating  mechanism  that  registers  events  and 
reacts  to  them  by  adjusting  relevant  parameters  in  the  production  centers.  In 
addition  to  that,  it  must  be  self-learning,  so  that  it  can  gain  from  its  experience 
and  learn  from  past  mistakes. 

Stages  and  Activities  of  Control 

Control  begins  as  soon  as  the  production  operations  begin;  in  fact  it  begins 
slightly  earlier  by  the  actual  issues  of  the  production  orders  to  the  shop  floor. 
The  four  stages  of  control  are: 

1.  Triggering  off  the  operations;  observing  progress  and  recording  it. 

2.  Analyzing  the  data  by  comparing  progress  with  the  plans  and  with 
achievements  of  competitors. 

3.  Taking  immediate  action  to  modify  plans  and  redirect  activities  in  order 
to  attain  the  target. 

4.  Post-operation  evaluation,  feeding  back  information  and  conclusions  to 
the  planning  section  in  order  to  improve  future  planning. 
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Eacb.  of  these  stages  is  important^  each  is  a  link  in  the  control  procedure,  but 
each  is  worthless  and  indeed  pointless  without  the  others.  There  is  no  need  to 
make  observations  and  collect  data  if  they  are  not  being  used  for  analysis.  Any 
analysis  is  equally  pointless  if  its  results  are  disregarded,  and  w^hen  corrective 
action  is  undertaken  but  confined  to  immediate  patching  up,  the  control 
procedure  lacks  the  vital  feedback  that  is  possible  only  after  evaluation,  and 
without  which  the  system  is  deprived  of  the  opportunity  of  learning  from 
mistakes  and  experience. 

Table  3-1  gives  a  summary  of  planning  and  control  activities  as  a  whole,  but 
in  production  control  w^e  are  mainly  concerned  with  four  specific  fields. 

Control  of  processes  and  production  activities 

This  is  one  of  the  major  responsibilities  of  production  control,  w^hich  begins  by 
the  dispatching  function  (releasing  of  production  orders,  observation  of  activities 
and  recording)  and  proceeds  immediately  with  expediting  (analysis  of  progress, 
comparison  wdth  schedules,  taking  immediate  corrective  actions  for  chasing 
orders,  materials,  etc.}.  In  the  final  evaluation  stage,  the  collected  data  are  used 
to  reassess  process  capacities,  on  the  lines  described  in  Chapter  12,  and  to  replan 
mamtenance  schedules. 

Quanfi^  or  inventory  control 

Stocks  are  held  at  various  stages  of  the  production  line,  from  raw  materials 
and  bought-out  components  to  semifinished  products  and  final  products  ready 
for  sale.  Inventory  control  is  so  closely  connected  wdth  the  control  of  production 
activities  that  it  is  very  often  included  within  the  responsibilities  of  the  pro¬ 
duction  planning  and  control  department  (see  discussion  in  Chapter  4).  Inventory 
control  follows  the  same  pattern  of  control  procedure  listed  above: 

1.  Recording  of  stock  levels,  such  as  shown  in  Chapter  9. 

2.  Analysis  of  the  distaribution  of  demands,  trends,  fluctuations,  etc. 

3.  Immediate  action  may  be  required  in  the  form  production  or  procurement 
orders. 

4.  Final  evaluation  is  important,  to  compute  optimal  reorder  quantities, 
economic  safety  margins,  optimal  periods  for  placing  procurement  orders, 
and  inventory  systems  to  facilitate  effective  control  and  replenishment. 

Qualty  control 

This  function,  again,  is  vital  for  feedback  of  information  on  how  well  the 
processes  are  running,  but  quality  control  begins,  in  fact,  with  the  inspection 
of  raw  materials  before  they  are  admitted  to  the  stores.  The  control  procedure 
involves  the  following  successive  steps: 

L  Through  various  control  charts,  the  performance  of  key  processes  is 
recorded, 

2.  Analysis  of  these  charts  reveals  the  process  capabilities  from  the  quality 
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aspect;  in  other  words  we  can  state  the  accuracy  and  quahty  characteristics 
that  are  reasonable  to  expect  from  the  processes.  Also,  trends  in  performance 
can  often  be  detected. 

3,  Immediate  action  can  take  two  forms:  First,  if  the  process  is  not  accurate 
enough,  there  may  be  a  need  for  100  per  cent  inspection,  in  order  to  sort  out  all 
the  components  that  do  not  conform  to  the  specification;  secondly,  as  soon  as 
trends  in  the  processes  are  found,  there  is  a  need  to  determine  at  what  stage  the 
machine  ought  to  be  adjusted. 

4.  Finally,  the  familiar  post-mortem:  Are  the  specifications  realistic?  Should 
the  process  be  changed?  What  effective  inspection  plans  can  be  devised  on  the 
basis  of  past  experience? 

Cost  control 

The  same  control  procedure  applies  here:  Data  collection  is  carried  out 
in  conjunction  with  dispatching,  the  costs  are  computed  and  compared  with  the 
estimates,  the  sales  price  is  adjusted  (if  possible),  and  the  discrepancies  between 
estimates  and  actual  cost  figures  are  analyzed  for  future  reference  in  order  to 
develop  the  estimating  methods  to  as  high  a  degree  of  accuracy  as  possible. 

The  four  elements  of  control  procedures  are  summarized  in  Table  15-1.  The 
control  of  production  processes,  namely,  the  function  of  dispatching  and  ex¬ 
pediting,  and  progress  control  methods  vill  be  discussed  in  this  chapter  and  in 
Chapter  16;  inventory,  or  quantity  control,  in  Chapters  17  and  18.  Chapter  19  is 
devoted  to  quality  control  and  Chapter  20  to  cost  control. 


Table  15-1 


Observation 


Analysis 
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Processes*  Inventory* 

Active  processes:  Records  of 

output  vs.  time  stock  level 
Idle  processes: 

machine  idle  time; 
breakdowns 


Inspection 
Process  control 
Control  charts 


Compare  progress 
with  plan 


Distribution  of  Process 

demand  capabilities 

Trends  Trends 

Seasonal 
fluctuations 


Immediate  Expedite 
action 

Evaluation  Process  capacity; 

maintenance 

schedules 


Issue  production 
and  procure¬ 
ment  orders 

Replenishment 

policies 

Inventory 

systems 


Initiate  100% 
inspection 
Adjust  processes 

Reassessment  of 
specifications 
Process 

improvement 

Inspection 

procedures 


Cost 

Collect  cost 
data 


Compute  costs 
and  compare 
with 

estimates 


Adjust  sales 
price  (if 
possible) 

Economic 
evaluation  of 
proc^^^ 
Preparing 
better  data 
for  future 
estimates 


*  Production  control  responsibilities. 
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Dispatching  and  Expediting 

When  the  production  order  is  complete  and  the  schedules  planned,  everything 
is  ready  for  the  word  “go.”  This,  in  short,  is  the  responsibility  of  the  dispatching 
function,  i.e.,  to  trigger  off  the  flow  of  information  and  instructions  and  with 
them  the  issue  of  materials,  tools,  production  aids,  drawings  and  specifications, 
inspection  orders,  etc.  The  sequence  of  dispatching  activities  is  shown  in  Kg. 
16-1.  If  the  product  is  made  of  several  parts,  the  production  order  is  broken  down 
accordingly,  and  for  each  operation  there  is  a  materials  and  tools  issue,  a  job 
card  that  details  the  task  and  the  methods  to  be  used,  an  inspection  order  and 


Duplicate  of  Stores  Issue  Order  is 
sent  to  Pfenning  Dept,  to  signal 
that  materiol  Is  ready  for  first  op¬ 
eration  end  is  wotting  at  machine. 


Job  Order  filled  out  with  time 
token  on  the  operoHon  signals 
Planning  Dept,  that  Op.  1  is  com¬ 
pleted. 


Inspection  Report  attached  to  Job 
Order  signals  the  number  of 
pieces  “good”  and  "bod"  result¬ 
ing  from  Op.  1.  Replacement 
orders  are  then  issued,  if  desirable. 


Figure  15-1.  Sequence  of  dispatching  activities.  (Reproduced  with  permission  from 
Frodiidion  Handbook^  The  Ronald  Fress,  1958,  edited  by  G.  B.  Carson) 
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information  about  the  next  destination  of  the  component  (see  Chapter  9). 
Finally  the  dispatching  function  is  responsible  for  keeping  records  of  actual 
operation  times,  idle  man  and  machine  times,  length  and  causes  of  breakdowns, 
and  any  other  relevant  information  about  reality  keeping  mthin  schedule  or 
deviating  from  it.  These  records  can  then  be  used  for: 

Calculating  wages,  if  the  wage  scheme  in  the  plant  is  dependent  on  output 

Examining  the  cost  of  the  job  and  the  product  and  comparing  with  the  planned 
budget  and  the  initial  cost  estimates 

Comparing  operatiofi  times  with  the  estimated  times  and  verifying  whether  the 
discrepancies  are  consistent  with  past  experience,  so  that  future  estimates 
can  be  made  more  accurate 

Locating  weak  points  in  the  production  line,  so  that  work  study  can  be  undert^aken 
to  explore  ways  of  alleviating  the  difficulties 

Studying  how  much  idle  time  was  caused  because  of  schedule  interference  (i.e., 
overlap  in  operation  times)  due  to  unaccountable  delays  or  too  tight  a  produc¬ 
tion  schedule 

Studying  how  fnuch  delay  was  caused  by  machine  breakdown  and  whether  the 
maintenance  and  emergency  repair  facilities  were  compatible  with  the 
requirements  of  the  situation  (this  analysis  could  lead  to  an  optimal  number 
of  repairmen  required,  the  amount  of  effort  that  should  be  devoted  to 
preventive  maintenance  and  to  an  optimal  maintenance  schedule) 

Analyzing  the  delays  caused  by  tool  breakdown,  regrinding  and  resetting,  to 
ensure  that  the  specified  speeds  are  compatible  with  reasonable  amount  of 
tool  wear 

Analyzing  to  what  extent  both  queues  and  delays  are  caused  by  inadequate 
materials  handling  systems. 

The  method  of  exercising  the  dispatching  function  de|^nds  very  much  on  the 
type  of  production  and  on  the  size  of  the  plant.  In  the  case  of  repetitive  produc¬ 
tion,  when  the  same  product  is  frequently  produced  either  with  no  variations  or 
wdth  only  minor  ones,  the  flow^  of  information  and  instructions  becomes  a  routine 
matter.  Everyone  concerned  is  already  trained  to  perform  the  task,  to  use  the 
tools  and  identify  them,  and  to  recognize  faults  in  the  produced  components. 
The  interpretation  of  the  production  order  becomes  a  straightforward  matter, 
and  in  many  cases  only  details  about  quantities,  dates  of  delivery,  types  of 
models,  or  colors  need  be  mentioned  in  the  production  order,  wffiile  job  cards 
with  detailed  instructions  how  to  perform  the  task  may  become  almost  standard 
orders  that  need  rarely  be  consulted  by  the  trained  personnel.  The  dispatching 
effort,  after  releasing  the  orders,  w^ould  then  be  mainly  devoted  to  maintaining 
the  records,  and  this  can  be  done  effectively  by  dispatching  stations  located 
along  the  production  line,  each  being  responsible  for  recording  progress  at 
certain  production  centers. 

The  expediting  function  consists  of  a  close  study  of  the  gathered  data  and 
comparison  of  actual  progress  of  the  work  with  the  planned  schedule.  One  could 


410  Frc^udmm  Plamiing  and  Oontrol 

almost  liken  the  expeditors  or  progress  men  to  policemen,  who  keep  a  benevo¬ 
lent  eye  on  the  flow  of  traffic  and  whenever  anything  happens  to  obstruct  a 
smooth  flow,  they  endeavor  to  locate  the  source  of  trouble  and  take  action  to 
remove  it. 

For  example,  a  batch  of  components  fails  to  arrive  at  a  certain  production 
center  on  the  date  scheduled.  The  expeditor  learns  this  fact  from  progress  charts 
or  other  records  at  the  dispatching  station,  and  he  proceeds  to  investigate  the 
cause  for  this  failing  and  to  decide  in  what  way  he  can  help  put  things  right.  If 
any  difficulties  arise  through  ambiguities  or  misunderstanding  of  the  instructions 
in  the  production  order,  the  expeditor  should  clarify  all  such  points.  In  other 
words,  it  is  through  the  expeditor  that  interpretation  of  the  production  order  is 
sought,  and  when  he  is  unable  to  cope  with  a  problem  on  his  own,  he  turns  to 
the  production  planning  office  for  assistance. 

Since  the  expeditor  is  so  much  concerned  with  keeping  up  to  schedule  and  with 
flow  of  materials,  semifinished  products,  and  final  products  from  the  stores  and 
from  one  production  center  to  another,  it  is  common  practice  to  entrust  him  with 
the  responsibility  for  moving  the  materials  by  putting  suitable  facilities  (equip¬ 
ment  and  personnel)  at  hm  disposal.  If  the  responsibility  for  removal  of  the  goods 
to  the  next  working  station  is  left  to  the  production  centers,  they  can  either  let 
the  sldlled  operators  do  the  removing  or  ask  a  plant  removal  pool  to  do  it  for 
them.  By  relieving  the  production  centers  from  this  concern  and  transferring  it 
to  the  expediting  function,  there  is  a  clear  demarcation  between  the  responsibility 
for  what  goes  on  within  the  production  centers  and  responsibility  for  circulation 
and  flow,  and  in  many  cases  this  division  has  obvious  organizational  advantages. 

It  should  perhaps  be  stressed  again  that  expeditors  are  concerned  with  fulfil¬ 
ment  of  setout  schedules,  and  hence  they  are  concerned  with  the  present  and 
with  immediate  remedies  if  an3rthmg  goes  wrong,  not  with  lengthy  studies  of 
intricate  cause-and-effect  systems.  As  a  general  rule,  therefore,  expeditors  should 
not  be  asked  to  carry  out  detailed  post-mortems  and  evaluation  analyses.  They 
are  usually  not  equipped  with  the  qualifications  or  the  patience  that  such 
analyses  require.  Maturaliy  they  can  often  contribute  to  the  analysis  by  adding 
up-to-date  facts,  and  therefore  they  should  be  told  of  any  conclusions  and  action 
contemplated  after  the  study  is  completed,  but  the  actual  expediting  function 
and  the  evaluation  function  should  be  kept  separate. 

The  above  concepts  are  difficult  to  apply,  however,  because  a  clear-cut 
demarcation  does  not  exist  between  dispatching  and  expediting,  and  it  is  not 
often  easy  to  state  exactly  where  dispatching  ends  and  expediting  starts. 
Theoretically  it  is  possible  to  say  that  dispatching  consists  of  flow  of  information, 
while  expediting  is  concerned  with  flow  of  materials  and  components;  dispatch¬ 
ing  records  events,  expediting  tries  to  adjust  them  whenever  necessary .  However, 
since  in  practice  the  two  functions  are  not  chronologically  separate  but  exist 
side  by  side,  one  complementing  the  other,  an  overlap  in  responsibilities  is  often 
unavoidable.  The  actual  detailing  of  staff  to  the  two  functions  will  therefore 
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depend  on  the  amount  of  recording,  materials  handling,  and  chasing  that  have 
to  be  carried  out.  Many  firms  find  that  it  is  futile  to  separate  the  two  and  that  a 
combined  dispatching-expediting  organization  as  a  single  production  control 
department  is  very  effective. 

To  summarize,  the  purposes  of  the  active  functions  of  production  control 
(i.e.,  dispatching  and  expediting)  are: 

1 .  To  release  the  production  orders  at  the  appropriate  time  and  facilitate  effective 

flow  of  information 

2.  To  record  the  flow  of  materials  and  tools  and  adjust  whenever  necessary 

3.  To  record  progress  of  production  operations  and  adjust  whenever  necessary 

4-  To  record  amount  of  work  in  process  and  verify  its  effect  on  the  schedule 

5.  To  record  quantities  produced  and  compare  with  required  quantities 

6.  To  record  amount  of  faulty  work  and  scrap  and  issue  orders  for  production  of 

replacements 

7.  To  record  machine  idle  time  and  check  the  reason  for  it 

8.  To  record  stoppages  and  holdups  and  classify  them  according  to: 

(i)  Lack  of  dra-wings  or  instructions 

(ii)  Lack  of  materials 

(iii)  Lack  or  failure  of  tools 

(iv)  Work  held  up  by  previous  operation 

(v)  Machine  breakdown 

(vi)  Operator  missing  or  not  available 

(vii)  Waiting  for  inspection  to  approve  work  or  machine  setting 

Recording  Progress 

Watching  the  progress  of  production  ensures  that  up-to-date  information  is 
always  available  for  effective  expediting.  How  should  progress  be  recorded  ?  Let 
us  examine  three  methods  in  common  use  in  industry. 

Gantt  charts 

These  were  developed  by  Henry  L.  Gantt  about  a  half-century  ago.  Their 
purpose  is  to  provide  an  immediate  comparison  between  schedule  and  reality, 
and  this  is  achieved  simply  by  marking  on  the  schedule  the  actual  progress  of 
the  work.  There  are  several  variations  of  Gantt  charts,  which  can  be  adjust ed  to 
the  specific  circumstances  prevailing  in  the  plant.  The  following  symbols  are 
common  to  most  Gantt  charts: 

I  denotes  the  time  when  work  is  supposed  to  begin. 

I  denotes  the  time  when  work  is  supposed  to  end. 

I  the  figure  indicates  that  the  work  load  in  the  planned  interval  is 
equivalent  to  four  work  periods  (days,  weeks,  number  of  pieces,  etc.). 

I  1*^1  the  figure  indicates  that  the  work  load  to  be  completed  by  the  specified 
date  amounts  to  12  work  periods  (or  number  of  pieces). 
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^  the  top  line  indicates  planned  work;  the  bottom  line,  actual  work. 
^  Where  discrepancies  between  plan  and  reality  occur,  it  is  often  useful 

to  indicate  the  reason  for  future  reference.  The  following  abbrevia¬ 
tions  are  sometimes  employed: 

A  -  operator  absent  from  work 
G  —  “green”  operator 
I  -  mstnictions  lacking  or  deficient 
L  -  slow  operator 

M  —  holdup  due  to  materials  failing  to 
arrive  or  failing  in  quality 
R  -  machine  or  tools  in  need  of  repairs 
T  —  tools  lacking  or  inadequate 
V  —  holidays 

An  example  of  a  Gantt  chart  for  machine  activities  is  shown  in  Fig.  15-2. 
Similar  charts  can  be  used  for  controlling  operators’  activities,  product  progress, 
master  schedules,  etc. 
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Figure  15-2.  -4ti  example  of  a  Gantt  chart  > 


¥isual  charts 

These  are  in  a  sense  a  variation  of  the  Gantt  chart,  their  purpose  being  more 
temporary  in  nature.  They  present  a  current  picture  of  the  situation  but  leave 
no  record  of  past  events.  Visual  charts  often  make  use  of  colored  bars,  strings, 
moveable  rulers,  meters  with  numbers,  etc.  Two  examples  of  visual  charts  are 
shown  in  Figs.  15-3  and  15-4. 

Cumulative  and  weekly  charts 

Both  the  Gantt  charts  and  the  visual  charts  are,  in  fact,  one- dimensional 
graphical  presentations  of  output  activity,  plotted  in  terms  of  time.  Their  main 
virtue  is  simplicity  of  presentation  of  current  position,  and  this  simplicity 
originates  from  their  one-dimensional  quality.  Their  drawback,  however,  is 
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gure  15-3.  A  msual  control  chart  using  a  pinboards  (Coui-tesy  Constructor  Ltd., 
I'mingham,  England) 


gure  15—4.  ^4  visual  control  chart  for  recording  figures ,  which  employs  revolving 
sks  set  in  inobile  cases.  (Courtesy  Dacron  Plan-0 -Matic  Ltd.,  London) 
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that  they  provide  no  record  of  progress  itself.  In  other  words,  by  looking  at  one 
of  these  charts,  we  cannot  tell  whether  output  increased  or  decreased  during  a 
certain  span  of  time  in  the  past  unless  we  introduce  various  symbols  and  colors, 
which  often  confuse  rather  than  clarify  the  picture. 


Planned  output  •  Actual  output 


Figure  15-5.  Comparing  progress 
of  actual  with  scheduled  output* 


Eecording  progress,  especially  for  evaluating  purposes,  is  effective  in  two- 
dimensional  charts,  as  in  the  example  in  Fig.  15-5,  where  a  cumulative  chart  and 
a  w^eeklj  output  chart  are  demonstrated.  The  cumulative  chart  show^s  ho'W  much 
we  have  managed  to  produce  so  far,  but  it  is  somewhat  insensitive  to  weekly 
fluctuations,  and  if  these  are  worthy  of  study,  the  weekly  output  chart  is  very 
useful. 


Summary 

The  four  elements  of  control  are:  observation,  analysis,  immediate  corrective 
action,  post-operation  evaluation.  All  these  elements  are  vital  for  any  effective 
control  procedure  and  Table  15-1  shows  how  they  apply  to  control  of  processes, 
inventory  control,  inspection,  and  cost  control.  In  production  control,  the  first 
three  control  elements  (releasing  of  orders  and  observation,  analysis,  and  correc¬ 
tive  actions)  are  embodied  in  the  dispatching  and  expediting  functions.  Record¬ 
ing  of  events  is  facilitated  by  Gantt  charts,  visual  charts,  and  two-dimensional 
cumulative  and  weekly  output  charts. 
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ProMems 

1 .  Differentiate  between  dispatching  and  expediting,  and  point  out  to  what  extent 

this  difference  should  lead  to  a  clear  and  rigid  demarcation  of  responsibilities 
between  dispatchers  and  expeditors. 

2.  Describe  in  what  way  the  elements  of  control  procedure  are  related  in  the  fields 

of  production  control,  inventory  control,  inspection,  and  cost  control;  in  other 
words,  to  what  extent  is  it  desirable  to  have  not  only  vertical  feedback  (from 
one  element  to  the  other)  but  horizontal  feedback  as  well  (from  one  field  to 
another). 

3.  Can  you  suggest  a  control  procedure  for  a  sales  department,  based  on  production 

control  principles? 

4.  Surveys  in  industry  suggest  that  cases  of  average  machine  downtime  of  50  per 

cent  are  fairly  common  in  job  and  batch  production  plants.  Suggest  a  method 
for  recording  and  controUing  machine  utilization  in  a  machine  shop. 
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COMPUTER- ASSISTED 
PRODUCTION  CONTROL' 


Norbert  Wiener  has  suggested  that  control  is  essentially  communication  that 
has  been  made  effective.^  If  a  control  mechanism  is  conditioned  to  respond  to  any 
given  set  of  parameters,  its  usefulness  is  determined  by  the  flow  of  information 
that  define  these  parameters,  and  for  this  flow  to  be  effective,  the  system  must 
be: 

Qu‘ickj  in  order  to  provide  information  which  truly  repre^sents  the  current 
situation,  and  to  ensure  that  any  corrective  action  taken  is  relevant  to  the 
prevailing  parameters  and  does  not  suffer  from  serious  time  lags 

Accurate j  so  that  the  records  provide  unambiguous  data  and  computations  of 
quantities  are  free  from  errors 

Qomprekensice  enough,  i.e.,  it  must  include  all  the  relevant  details  required  for 
analysis  and  decision  making. 

Since  the  purpose  of  production  planning  and  control  is  to  match  the  sales 
requirements  with  production  facilities,  and  since  both  are  subject  to  constant 
variations,  the  problem  of  formulating  optimal  solutions  for  machine  loading 
has  to  he  continuously  restated  and  resolved.  Whenever  a  relevant  parameter 
changes,  materials  and  manpower  requirements  may  have  to  be  recalculated, 
machine  loading  may  have  to  be  readjusted,  and  schedules  for  completing 
operations,  assemblies,  or  deliveries  may  have  to  be  modified.  Thus  the  data 
must  be  fed  and  classified  in  such  a  way  that  the  risk  of  excluding  an  important 
parameter  would  he  rather  small.  Furthermore,  information  that  necessitates 
corrective  action  should  he  prominently  displayed  so  as  not  to  be  lost  in  the 
crowd.’’  This  requires  an  intelligent  sorting  mechanism  that  evaluates  the  signi¬ 
ficance  of  the  recorded  changes  or  the  possible  effect  of  their  comhinations,  and 

1  The  author  is  indebted  to  International  Business  Machines  Corporation  (New  York|,, 
and  International  Computers  and  Tabulators,  Ltd.  (London)  for  providing  him  with 
papers  and  catalogs,  on  which  some  of  the  material  in  this  chapter  is  based;  al^  to  Mr. 
W.  J.  Kease  of  A.E.I.-Hotpoint,  Ltd.  (London)  for  reading  the  chapter  and  for  Ms  helpful 

comments  and  suggestions.  ^  i  - 

2  Wiener,  N.:  Cybernetics — or  control  and  communication  in  the  ammal  and  the  machme 

(John  WMey  &  Sons,  Inc.  1948). 
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evidently  this  task  becomes  more  involved  as  the  amoimt  of  data  grows.  Also, 
since  we  are  dealing  \^ith  a  dynamic  situation,  the  readjustment  of  schedules 
and  quantities  necessitates  repetitive  computations,  which  must  both  be 
accurate  and  carried  out  at  high  speeds. 

Computer  requirements 

This  is  where  the  computer  can  be  of  assistance  in  production  control.  It 
should  have  a  storage  unit,  capable  of  holding  a  large  amount  of  data,  which  is 
easily  accessible  and  which  can  be  quickly  brought  up  to  date.  It  should  also 
have  a  sorting  facility^,  vith  the  aid  of  which  the  data  can  be  classified,  an 
arithmetic  unit  to  carry  out  the  computations  quickly  and  reliably,  and  a  print¬ 
ing  unit  to  produce  the  results  in  such  a  form  that  the  various  departments 
concerned  can  immediately  interpret  their  significance  and  take  action  if  and 
w^hen  required. 

It  cannot,  however,  be  overemphasized  that  a  computer  is  merely  a  tool;  it 
does  not  constitute  control — it  assists  control  by  making  it  more  effective,  simply 
by  saving  time  in  the  laborious  task  of  processing  the  data.  It  cannot  in  any  w^ay 
be  a  substitute  for  defining  policies  for  production,  defining  targets,  setting 
criteria  for  measuring  effectiveness,  and  formulating  methods  through  which 
optimal  performance  can  best  be  achieved.  These  are  the  essentials  without 
which  production  control  cannot  possibly  hope  to  succeed,  and  these  are  part  of 
the  responsibility  of  the  production  management,  not  the  computer.  Further¬ 
more,  the  control  procedure,  including  the  routes  of  flow  of  information  and 
assignment  of  responsibilities  for  actions,  should  be  clearly  defined  and  imple¬ 
mented;  otherwise  time  would  be  saved  by^  the  computer  on  storage  and 
calculations  but  wasted  later  if  nobodyr  quite  clearly  understands  what  the  output 
of  the  computer  means  and  what  should  be  done  with  it. 

Computer  ^es  and  operation 

Computers  are  normally  classified  into  tw’o  types; 

1.  The  digital  {or  numerical}  computer,  which  operates  on  the  principle  of 
counting  digits  at  a  very  high  speed;  the  computing  and  storage  media  are 
concemed  with  numbers,  and  the  data  are  therefore  translated  into  a  digital 
form  by  some  sort  of  suitable  code,  w^hich  is  employed  initially  from  the  input 
stage.  The  digital  computer  can  be  easiy  adapted  to  a  wide  variety  of  applica¬ 
tions,  provided  the  data  can  be  translated  into  coded  numerical  form. 

2.  The  analogue  computer,  in  w’hich  the  production  system  governed  by  de¬ 
finable  variables  is  simulated  by  a  physical  model;  changes  in  the  variables  of 
the  sy^stem  are  fed  into  the  model  by  appropriate  adjustments  of  the  corre¬ 
sponding  variables  in  the  model,  and  the  expected  effect  is  physically  measured 
by  '“'analogy.” 

The  digital  computer  is  suitable  for  applications  in  production  control,  where 
descriptions  of  materials,  specifications  of  products  and  machines,  recording  of 
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Figure  16-1.  A  schematic  diagram  shaming  how  a  computer  marks. 


Figure  16-2.  Range  and  capacities  in  computers  used  for  produeUom  control 
(Ck)iitribut©d  by  W,  J.  Kease) 


Prodvrf.ion  Idmuimj  mid  (hfulnd. 


420 

(lajjaail.y,  (aui  cauiily  hr,  in  aurnrnrfO 

languages, 

Ki  I  MhovvH  H(^hrrrifiii(ai,lly  haw  jun4.j  a.  (aanpnl-rr  ofirnp.cn^  infor- 
inalJan  in  frd  a4  irpail*  f(l-a,gr  hy  HHauin  of  nia|/iM‘(.i<'  l-afxai,  fMnir.h(*d  rurdn  or 
[aiiadKKl  DaXn,  pnaa'nniog  (lan/iiol-fi  of  Mir  lihniry  (  Mj.onnyd  *uu(,h  and 

ariMim(4i(5  unit.  A  canirol  uiiil-  [in^Morifirn  (.<»  (dir  ronijuil.rr  vvfial,  nfiould  ficuloiK* 
wild)  Idir  inforuiad/ion,  how  l-o  nianif)uhid.<^  il-,  and  in  whal,  nrcjurinui  (,o  iHnddrin 
<;al(i(daldonH.  A(.  (di<^  ontpal/  M(/a,g(^  idx'!  f)r*or<‘iin(a(  clad, a  afipc^nr  agaj’n  in  ldi(‘  forni 
ofniagiK^ic!  l,afH^H,  porndnal  c^a-rdn,  or  pniKdical  (n-pesa,  a,n<l  a,  firinldrig  unii,  iraim- 
laO^s  ldi(^  da(4i  from  (di(‘Hr  nnaJia  aaid  pnl/fi  (dirrn  in  j)rin(,<*d  lorrn. 

Although  thr  <^onif)iid-<a‘  In  lirni(,(al  in  pcaddnning  a,  nvd,rir(,rd  raaigr  of  op<a‘a- 
tdonn,  itH  vca’Hatility  and  <‘.a,pa<aty  caui  (widrnidy  hc^  irna’<%a-f}rd  hy  a.dding  (aa-tain 
ofirrating  unii-H;  for  iriHtanrc^  liy  fiaving  Movea’ad  rliannriH  (dr  input  and  ou(,put, 
Hcwca'al  arithru(dd(;  unitn,  Hovca'al  i<ra,nHlrr  runrddonn  ((,o  (-nuinfrr  inforrnaddon  from 
tli(^  intrrnad  Htora,g(^  unit  (/o  va,rioufc  r<^giH(»(‘rH  <;r  froni  ono!  n^giMl.ca’  i/o  aaiotixa*), 
Hhift  funcddoriH  (to  rnovr;  dad^a  up  or  down  Idu^  valuer  fuadr),  and  /uwca'al  Horting 
unitH  for  dal/a;  rIa,HHili(aition.  h]a,(di  of  (duair  unilii  ha,n  i(,fi  own  op(‘rad<ing  apcaal,  tho 


(b) 


(c) 


(a) 


12  3  4 


6  7 


•  • 
«  * 

#  # 


12  rowi 


# 


1 

2 

4 

5 

Paril'y 


"f 


32Vorcl'  blocks 


Diroefion  of  reading 


6  informahon 
tracks 

1  'parity'  track 
1  'clock'  track 
1  'block'  track 


Kip;ur(^  1(5  3.  Th^ree  typen  of  tmtUm. 

((JoritnfioUul  by  W.  d.  K(MiH(b 

(a)  IbuHdxHl  nn,nj 

(b)  PufxdioU  ta.pr 

(c)  MiaaujIJc^  tapr 


Computer- Assisted  Production  Control  421 


range  of  capacities  of  speeds  being  rather  wide  (as  suggested  in  Fig.  16-2),  so 
that  the  problem  of  coordinating  their  performance  is  one  that  system  analysts 
and  programers  have  to  consider  very  carefully. 

Media  for  Recording  Bata 

Let  us  now  examine  more  closely  the  various  media  most  commonly  used  for 
recording  data  (see  Fig.  16-3). 

Punched  cards 

Series  of  holes  are  punched  in  a  card,  usually  designed  as  a  matrix  of  10 
rows  and  80  columns.  Two  additional  rows  are  available,  bringing  the  total 
number  of  rows  to  12,  which  is  useful  for  recording  data  for  12  months.  Examples 
of  80  column  cards  are  shown  in  Figs.  16-5,  16-6,  and  16-7. 


Figure  16-4.  Aetuafing  a  punched 
card  inachine  by  electrical  control, 

(Courtesy  IntematioBal  Computers  and 
Tabulators  Ltd.,  Londonl 


Actuating  the  machines  for  sorting  cards  is  earned  out  by  closing  electric 
circuits  through  the  punched  hole,  as  shown  in  Fig.  16-4.  By  using  this  basic 
principle,  the  punched  hole  can  serve  for  the  purpo^ses  of  addition,  subtraction, 
multiplication  and  division,  selection,  classification,  filing,  Isting,  reproduction, 
etc.  The  punched  card  system  is  highly  vei^tile  and  widely  used  as  a  recording 
medium.  The  actual  recording  is  carried  out  by  punching  the  holes  in  appro¬ 
priate  positions  on  the  cards;  there  are  two  methods  of  notation, 

1.  The  decimal  notation  system,  using  the  rows  0-9  on  the  cards;  this  is  a  two- 
dimensional  system,  the  location  of  a  hole  being  determined  by  two  coordinates 
(row  number  and  colnnm  number). 
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2.  The  binary  notaii&n  system,  in  wMch  numbers  are  expressed  by  relation  to 
the  base  2,  uses  only  the  figures  0  and  1.  The  number  110  in  the  binary  system 
means:  the  firat  1  is  (2)^  =  4;  the  second  1  is  (2)^  =  2;  the  0  is  simply  0;  hence 
110  in  the  binary  system  is  6  in  the  decimal  system.  A  conversion  table  from  the 
decimal  to  the  binary  system  would  read  as  follows: 

Binary 

0 
1 

10 
11 
100 
101 
no 
111 
1000 
1001 
1010 

In  punching  tapes  by  the  binary  system,  the  figure  0  is  represented  by  the 
absence  of  a  hole  and  the  figure  1  by  the  presence  of  a  hole;  the  system  is  very 
useful  in  recording  information  of  the  yes-no  t3rpe,  in  which  case  it  becomes  one- 
dimensional,  the  location  of  a  hole  being  defined  by  its  distance  along  one  axis. 
The  translation  of  information  from  the  decimal  system  to  the  binary  system, 
whenever  this  is  required,  is  often  carried  out  automatically  by  the  computer 
itself. 

The  80-colunin  card  allows  for  a  great  deal  of  information  to  be  recorded  on  it 
for  a  wide  variety  of  purposes.  Several  examples  are  given  below. 

Sales  iMfonmation 

Sales  information  can  be  punched  as  shown  in  Fig.  16—5,  where  (see  bottom 
part  of  the  card) : 

Column 
1 

7-12 
13-15 
ie-18 
19-24 
25-49 
50-52 
53-55 
56-80 

PradmeMom  eonirol 

The  Intemationai  Computers  and  Tabulators,  Ltd.,  London,  used  a  computer 
to  control  the  production  of  three  of  its  factories,  which  included  several 


Bemrds 

tlie  code  number 
date 

oixier  number 
quantity 
model  number 
bill  of  materials 

customer’s  name  or  product  description 

scbedule  period 

cards  to  make 

d^ign  details  of  product 


JDedmm 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

etc. 
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departments  concerned  with  specialized  equipment,  a  machine  shop,  an  assembly 
shop,  a  special  orders  department,  inspection,  and  stores.  The  total  number  of 
products  amounted  to  approximately  600,  and  the  information  punched  on  the 
cards  used  both  the  decimal  and  binary  systems  as  follows: 


Column 

Data 

System 

1-6 

part  number 

decimal 

7-8 

factory  location 

decimal 

9-10 

(not  used) 

11-50 

quantities 

binary 

51-60 

(not  used) 

61-70 

drum  location 

binary 

71-76 

(not  used) 

77-78 

card  serial  number 

decimed 

79 

class  of  card 

dec.imal 

80 

computer  designation 

decimal 

Figure  16-5.  A  punched  card  for  sales  records,  (Keprinted  by  |»rmissioii  from  ‘"IBM 
Manufacturing  Control,”  International  Business  Machines  Corporation,  1954) 

Patfroll  and  assignment 

A  wages  or  job  card,  used  for  recording  operators’  earnings,  can  include  details 
about  the  job  to  be  carried  out,  work  done,  earnings  and  bonus,  as  shown  in 
Fig.  16-6. 

Materials  control 

Control  of  materials  movements  is  facilitated  by  a  card  as  in  Fig.  16-7.  One 
portion  includes  a  location  record  and  the  other  (w’Mch,  wFen  detached,  becomes 
a  38- column  card)  can  be  used  as  a  stock  identification  tag. 

Punched  tape 

On  the  tape,  too,  the  data  are  recorded  as  a  pattern  of  punched  holes,  the 
principle  of  storage  of  information  and  sensing  devices  being  similar  to  the 


Figure  16-6.  J.  nrages  or  job  cmrd,  pmnehed  and  showing  the  large  amount  of 
data  icMch  can  be  ’recorded.  (Courtesy  of  International  Computers  and  Tabulators, 
Ltd.,  London) 


Figure  16-7.  Control  of  materials  movements  bg  a  punched  card.  (Reprinted  by 

permission  from  “IBM  Manufacturing  Control,’*  International  Business  Machines  Corpora.- 
tion,  1954) 


punched  card  system.  The  punched  tape  is  a  far  cheaper  medium  to  use,  but 
being  a  continuous  strip,  it  does  not  lend  itself  to  convenient  sorting  of  data  as 
the  punched  cards  do. 

Magnetic  tape 

The  data  are  superimposed  on  the  material  in  the  form  of  magnetic  strains, 
as  in  a  tape  recorder.  The  tape  is  veiyr  economical  in  storage  space  and  allows  a 
great  deal  of  information  to  be  recorded  on  one  reel.  In  one  case  study  it  was 
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reported^  that  information  involving  350,000  cards  was  transferred  to  seven 
reels  of  magnetic  tape;  another  library  of  30,000  cards  for  piece  parts  was  con¬ 
verted  into  one  reel ;  and  stock  files  for  bought-ont  finished  materials  containing 
45,000  cards  could  be  recorded  on  one  reel.  Information  can  be  recorded  on 
magnetic  tape  and  read  at  speeds  of  up  to  15,000  characters  per  second.  But 
while  the  storage  capacity  of  this  medium  is  very  high  compared  with  that  of 
punched  cards,  it  is  far  more  expensive. 

Magnetic  drum 

This  is  used  for  internal  storage  of  information,  whereas  the  three  preceding 
methods  are  media  for  the  input  and  output  stages.  The  magnetic  drum,  a 
nickel-cobalt- coated  cylinder  (in  the  IBM  650  computer  it  is  4  inches  in  diameter, 
16  inches  long,  and  it  rotates  at  12,500  rpm),  stores  the  information  and  feeds  it 
to  the  arithmetic  unit,  as  showm  in  Fig.  16-8.  The  transfer  of  information  from 
the  input  media  (such  as  punched  cards)  is  carried  out  by  feeding  the  cards 
between  contact  roUs  and  a  set  of  80  “sensing”  brushes.  In  this  way  each  card  is 
read  and  the  data  are  transformed  into  electric  impulses  and  stored  on  the  surface 
of  the  drum  as  a  pattern  of  magnetized  spots  (see  Fig.  16-9).  The  information  is 
stored  in  bands  on  the  drum,  each  band  being  divided  into  sections  having 
specified  locations  (see  Fig.  16-10).  The  IBM  650  computer  has  40  bands,  each 
comprising  50  locations,  so  that  it  has  a  capacity  of  2,000  locations,  each  location 
taking  up  to  10  digits  and  a  sign.  The  instructions  to  the  computer  can  be 
recorded  on  the  drum  in  very  much  the  same  way  (Fig.  16-11). 

Installation  of  a  Computer-assisted  Production  Control  System 

From  the  foregoing  remarks  it  is  fairly  evident  that  the  main  benefits  of 
computers  in  production  control  are  derived  in  plants  dealing  with  a  wide  variety 
of  products,  with  a  great  diversification  of  specifications  of  materials,  products, 
and  components,  and  (last  but  not  least)  with  a  highly  dynamic  schedule  which 
has  to  cope  vdth  changing  customers’  requirements.  Such  a  situation  would  often 
arise  in  large  batch  and  job  production  plants.  It  would  appear  that  the  t3rpe  of 
production  in  itself  is  not  the  decisive  factor  as  to  whether  or  not  the  computer 
can  be  usefully  employed  in  production  control.  Many  so-called  flow  production 
firms  are,  in  fact,  engaged  in  batch-producing  components  and  assemblies  for 
their  final  flow  assembly  line;  they  are  conscious  of  scheduling  problems  in  their 
batch  shops,  as  w^ell  as  production-smoothing  problems  associated  with  their 
final  flow  lines  (see  Chapter  13),  and  therefore  find  the  computer  useful. 

Experience  in  recent  years  has  shown  that  the  computer  has  potential  eco¬ 
nomic  applications  in  both  large  and  medium  size  enterprises.  Small  plants, 
which  are  restricted  by  their  limited  financial  resources  from  acquiring  expensive 
computers  (and  for  which  in  any  case  the  utilization  of  the  computers  would  be 

®  Kease,  W.  J.:  Electronic  data-processing  for  production  control  (1957,  a  private 
publication) . 


Figure  16-9.  Recording  information  on  a  magnetic  drum.  Repr^tea  permi^ion 
from  “IBM  Pr^ents  th©  650  Magnetic  Drum  Data  Froc^.mg  Machine,”  International 
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Figure  16-11.  Recording  instructions  €m  a  tnagneMc  drum,  (Reprinted  by  pemis- 
sion  from  “IBM  Presents  the  650  Magnetic  Drum  Data  Proe^ing  Machine,”  International 
Business  Machines  Corporation,  1955) 
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far  below  capacity) ^  may  benefit  by  cooperating  with  each  other,  one  computer 
offering  services  to  several  firms  simultaneously.  Such  a  scheme  is  in  no  w^ay  dif¬ 
ferent  from  the  position  of  the  computer  in  a  large  enterprise,  where  it  provides 
central  storage  facilities  for  recording  data  and  computing  services  to  a  large 
number  of  independent  departments. 

In  exploring  the  possibilities  of  computer  installation  for  production  control, 
the  following  four  steps  may  be  considered. 

Sales  analysis 

Past  records  of  the  firm  will  show  to  what  extent  customers’  orders  have 
diversified  in  character,  what  percentage  of  the  work  has  been  to  customers’ 
specifications  as  compared  with  standard  products,  and  what  quantities  have 
been  associated  with  the  different  models  over  the  years.  Prom  market  research 
and  sales  forecasts  we  have  to  express  our  sales  expectations,  analyze  trends  in 
existing  models,  and  consider  the  possible  effects  of  a  variety  reduction  program. 

Product  and  materials  analysis 

Following  from  the  sales  analysis,  we  have  to  study  the  effect  of  the  changing 
characteristics  of  past  orders  on  the  diversification  of  product  and  components 
specifications,  the  increase  in  variety  of  required  materials,  and  the  extent  to 
which  materials  and  components  can  be  made  interchangeable  from  product  to 
product  and  model  to  model.  These  effects  should  then  be  compared  with 
expected  trends  in  the  future,  based  on  our  sales  forecasts,  in  order  to  conclude 
whether  any  trends  of  past  events  may  be  reasonably  expected  to  proceed  and 
also  decide  whether  it  would  be  advantageous  to  arrest  them  and  reformulate 
fun^damental  managerial  policies. 

Schedule  MialysK 

Another  interesting  study  would  be  to  look  at  past  delivery  and  production 
schedules  in  order  to  determine  to  what  extent  they  increase  in  complexity, 
what  time  and  effort  is  required  to  set  up  schedules,  how  often  they  need  be 
changed  because  of  changing  circumstances,  how  tight  schedules  can  be  con¬ 
structed,  what  freedom  for  modifying  centralized  schedules  is  granted  to  manu¬ 
facturing  departments,  and  where  responsibility  for  complying  with  schedules 
rests.  The  purpose  of  this  study  is  merely  to  ascertain  whether  the  present 
procedure  is  adequate  to  handle  the  complexity  of  the  situation.  Presumably, 
the  system  was  outlined  several  years  ago,  and  the  questions  are:  Does  it  stfil 
work  as  efficiently  as  conceived  by  its  designer?  What  unofficial  modifications  had 
been  introduced  because  of  change  of  personnel  or  pressure  of  work? 

Designing  a  new  procedure 

If  the  present  system  is  far  from  being  satisfactory,  we  have  to  modify  or 
redesign  it,  and  it  is  only  at  this  stage  that  an  assessment  of  the  possible  benefits 
of  a  computer-controEed  system  can  be  made.  ‘‘The  successful  installation  of  an 
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electronic  computer  depends  fundamentally  on  one  simple  thing:  that  the  system 
of  which  the  computer  forms  a  part  is  the  finest  that  can  be  devised.”^  The  notion 
that  a  computer  should  be  employed  on  existing  systems  is  therefore  completely 
erroneous j  since  such  installations  are  not  likely  to  yield  the  best  possible 
economic  results.  It  is  only  through  a  critical  analysis  and  redesign  of  existing 
methods,  with  unfiinching  meticulous  passion  for  detail,  that  the  computer  can 
successfully  become  an  integrated  part  of  the  system. 


Programing 

The  operation  of  a  computer  essentially  consists  of  basic  elements,  each  in¬ 
volving  one  action.  This  action  may  be  computational  (such  as  addition)  or 
making  a  decision  of  the  yes-no  type  (in  comparing  data  with  predetermined 
criteria).  These  basic  actions  are  combined  when  the  computer  follows  any 
sequence  of  operations,  such  as:  searching  for  specific  data,  reading,  comparing, 
sorting  or  arranging,  checking,  duplicating  or  Msting,  counting,  and  performing 
a  series  of  calculations. 

In  programing  the  operation  of  a  computer,  it  is  therefore  nece^ary  to  break 
down  complicated  processes  to  basic  elements,  arrange  the  elements  in  the 
proper  sequence  in  order  to  define  clearly  to  the  computer  at  what  stag-^  the 
operations  are  required,  and  finally  to  determine  rules  which  will  guide  the 
computer  in  making  its  yes-no  decisions  in  the  course  of  sorting  data. 

Hence  the  first  step  is  the  operaiianAl  flow  chart,  which  (like  the  ordinary  flow 
charts  described  in  Chapter  9)  is  designed  to  present  an  over-all  graphical 
picture  of  the  sequence  of  operations  that  constitute  the  control  procedure.  This 
is  where  the  critical  analysis  of  an  existing  procedure  lies,  and  this  is  where  the 
new  procedure  begins  to  take  shape.  The  flow  chart  is  the  basis  on.  which  the 
detailed  programs  for  the  computer  will  be  worked  out,  and  it  is  therefore 
essential  to  hear  in  mind  possible  implications  of  the  circuits  in  the  chart  whfle 
it  is  being  designed. 

In  outlining  an  operation  flow  chart,  the  basic  framework  shown  in  Figs. 
16-1,  16-2,  and  16-12  is  naturally  adherred  to.  This  procedure  is  somewhat 
analogous  to  the  task  of  a  designer  of  a  complicated  assembly:  The  detailing 
of  components  and  subassemblies  can  be  undertaken  after  the  master  assembly 
drawing  has  been  finished,  but  when  designing  the  main  assembly,  it  is  necessary 
to  bear  in  mind  the  possible  effect  on  the  geometry  of  the  components,  their 
relation  to  each  other,  the  possible  methods  of  making  these  components,  and 
the  question  of  accessibility  for  assemhly  and  maintenance. 

The  flow  chart  leads  to  the  preparation  of  program  sheets,  in  which  the  opera¬ 
tions  of  the  computer  are  broken  down  into  elements  and  translated  into  a 
numerical  coded  form.  This  is  a  specialist’s  job,  requiring  meticulous  detail  and 
understanding  of  the  computer’s  anatomy  and  capabilities.  Programmg  is  a 


432  Productiom  Planning  and  Gordrol 


Figure  10-12.  Batn  proomstng  uHth  a  computer,  (Contributed  by  W.  J.  Keaso) 
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time-consuming  job  and  sometimes  it  has  been  found  economical  to  install 
machines  to  work  out  the  details  of  these  programs  in  a  computerized  language. 
These  are  called  ‘^compilers”  and  they  are  constructed  in  such  a  manner  as  to 
convert  problems  presented  to  them,  in  a  form  of  comparatively  short  state¬ 
ments,  into  programs  for  the  computer. 


WHEN  A  TRANSACTION  OCCURS  AND  GOODS  ARE 


The  stock  tapes  are  brought  up  to  date. 


Further,  a  file  of  tapes  is  maintained  showing  avail¬ 
able  plant  capacity  per  machine  group. 


Figure  16-13.  Bringing  stock  records  up  to  dmte. 

(Contributed  by  W,  J.  Kease) 

Examples  of  Application 

Many  thousands  of  computers  are  now  used  in  industry’  for  production  and 
inventory  control,  and  the  number  of  computers  on  order  virtually  exceeds  the 
number  "already  in  use.  Numerous  case  studies  of  computer  applications  have 
been  recorded  in  literature,  providing  useful  details  and  hints  for  anybody  ho 
contemplates  the  introduction  of  a  computer  to  a  production  control  sj  stem. 
The  following  examples  axe  very  briefly  described  for  the  purpose  of  illustration 
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merging  data,  calculating,  and  printing  the  new  balance  figures.  The  computer 
is  a  very  useful  tool  for  inventory  planning  through  studies  of  demand  distri¬ 
butions,  queues  of  orders,  effectiveness  of  delivery  dates,  etc.  Several  inventory 
policies  can  be  evaluated  by  simulating  history  for  each  suggested  policy,  so  that 
within  a  fairly  short  period  of  time,  it  is  possible  to  compare  the  effectiveness  of 
the  various  policies  and  select  the  most  promising  one. 

Machine  loading 

For  this  planning  function  to  be  effective,  it  is  necessary  to  have  an  up-to- 
date  record  of  available  machine  capacity.  Figure  16-15  illustrates  schematicaly 
how  this  information  is  used  by  the  computer  to  produce  the  final  Job  cards. 


Piece-part 

library 


Part 

requirements 


Plant  capacity 

load  plus 


Figure  16-15.  Outlme  of  rtwcMne  kmdimg.  (Contributed  by 
W.  J.  Kease) 

An  interesting  application  of  machine  loading  was  reported  in  the  textile 
industry.5  Different  looms  wmve  different  tjp^  of  cloth.  There  are  versatile 
machines  that  are  capable  of  weaving  both  fine  and  coarse  cloth,  and  while  they 
are  naturally  best  employed  on  the  highest  quality  material,  it  is  more  economical 
to  use  them  on  producing  coarse  material  rather  than  having  them  remain  idle. 

S  Ellis,  P.  V,:  Electronic  computers  and  tbe  production  engineer  (J.  Institution  of  Pro¬ 
duction  Engineers,  February,  1959). 
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In  allocating  the  jobs  to  available  machines,  the  first  step  is  to  classify  the  capa¬ 
city  into  types  by  reference  to  the  number  of  shuttle  movements  of  the  machines. 
The  loading  of  orders  is  also  expressed  by  the  number  of  shuttle  movements 
required  to  perform  a  job,  so  that  available  capacity  is  readily  obtained  by 
subtracting  the  loaded  orders  from  given  machine  capacities.  Cards  are  punched 
for  available  capacities  of  each  loom  group  and  for  each  type  of  cloth,  giving 
details  about  the  cloth  and  quantities  and  delivery  dates.  The  cards  are  then 
sorted  so  that  each  group  card  is  immediately  followed  by  the  stock  cards  for 
each  of  the  cloths  woven  on  that  group;  in  allocating  the  jobs,  the  computer 
first  selects  those  with  the  highest  profit  margins.  Finally  the  computer  prints 
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Figure  1 6-16.  General  flotc  of  information  in  job  production  control.  (From  W.  R. 
Elmerdorf,  “A  Proposed  Data-Processing  System  for  Control  of  a  Job-Shop  Machine  Floor,” 
ASME,  paper  58-PROD-3) 
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lists  of  exhausted  machine  capacity  for  any  given  production  period  so  that 
managerial  decision  can  be  made  about  expansion  of  capacities,  subcontracting, 
etc. 

Control  of  job  production 

Ill  large  job  shops  products  may  differ  mdely  in  design,  types  of  materials 
and  machines  required,  skills,  and  inspection  procedures.  In  many  cases  schedul¬ 
ing  tends  to  be  very  inaccurate,  since  estimating  operation  times  in  Job  produc¬ 
tion  can  be  based  only  on  limited  past  experience  and  is  therefore  prone  to 
errors.  For  this  reason  control  must  be  made  as  effective  as  possible  so  that 
schedules  can  be  continuously  amended  and  machine  loading  reviewed  with  the 
aim  of  reducing  idle  time.  A  flow  chart  for  flow  information  in  a  job  shop  is 
shown  in  Fig.  16--16. 

Summary 

The  electronic  computer  is  capable  of  handling  and  manipulating  data 
quickly  and  reliably,  and  therefore  it  can  be  of  invaluable  assistance  in  produc¬ 
tion  control  w^hen  scheduling  and  inventory  problems  are  highly  dynamic  in 
character.  The  information  is  fed  into  the  computer  in  coded  form  on  a  suitable 
niediiim  (punched  cards,  punched  tapes,  or  magnetic  tapes),  and  the  computer 
carries  out  a  sequence  of  predetermined  simple  operations  such  as  addition  or 
classification  of  data  by  comparison  with  set  criteria.  This  sequence  is  depicted 
by  program  sheets  based  on  a  flow  operation  chart  that  precisely  defines  the 
functions  of  the  computer  in  the  control  procedure.  The  computer  is  a  manage¬ 
ment  tool,  very  efficient  but  quite  unintelligent;  it  can  be  usefully  integrated  in 
a  control  system  but  it  ca'nnot  replace  it. 
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INVENTORY  CONTROL 


Inventory  or  stock  control  is  an  integral  part  of  inventory  management, 
which  in  turn  consists  of  several  functions: 

Effective  running  of  the  stores:  including  problems  of  layout,  utilization  of 
storage  space,  storing  media  (shelves,  bins,  etc.)*  receiving,  and  issuing 
procedures. 

Technological  responsibility  for  the  state  of  merchandise :  methods  of  storing, 
maintenance  procedures,  studies  of  deterioration  and  obsolescence. 

Stock  control  systems:  stock  taking,  stock  level  records,  ordering  policies,  and 
procedures  for  stock  replenishment.  Tlie  purpose  of  stock  control  is  to  ensure 
that  while  stock  levels  are  not  excessive,  demand  can  almost  eonst^antly  be 
met  and  the  number  of  times  the  store  runs  out  of  stock  is  limited  within 
specified  and  acceptable  boimds. 

Of  these  three  functions,  stock  control  deserves  special  attention  here  in 
connection  with  production  planning  and  control.  But  before  we  proceed  vith 
describing  some  stock  control  s^^stems,  perhaps  we  should  ask:  What  is  the 
purpose  of  holding  stocks  in  the  first  place?  There  are  six  major  reasons; 

1 .  To  create  a  buffer  between  input  and  output ^  so  that  the  outgoing  flow  can  be 
as  little  dependent  on  the  input  characteristics  as  possible:  Consumption  of 
materials  either  may  be  continuous  or  may  consist  of  a  series  of  instantaneous 
^withdrawals  of  batches  from  the  stores,  depending  on  the  type  of  manufacture, 
on  the  process,  and  sometimes  on  the  stock  control  system  in  operation.  In 
chemical  and  allied  industries,  where  flow  of  materials  is  an  integral  part  of  the 
process,  supply  from  the  stores  is  often  continuous,  while  in  firms  manufacturing 
engineering  products  and  consumer  goods,  the  assembly  line  is  often  fed  by 
small  batches  of  parts,  designed  to  last  for  a  preplanned  production  period.  The 
supply  of  materials  or  components  to  the  stores  is,  however,  almost  invariably 
carried  out  in  batches,  so  that  the  stock  level  increases  instantaneously  by 
periodical  orders  for  replenishment  (as  in  Fig.  6-21).  The  basic  difference  between 
the  flow  characteristics  into  and  from  the  store  compels  the  firm  to  hold  in¬ 
ventories,  w'hich  are  designed  to  meet  the  needs  of  the  production  departments 
until  new  stock  arrives. 
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2.  To  ensure  against  delays  in  deliveries:  A  batch  of  incoming  materials  Is 
intended  to  last  a  certain  period  of  time.  When  an  order  for  fresh  stock  is  made, 
supply  is  normally  not  immediately  available,  but  some  time  elapses  before  it 
arrives.  This  replenishment  period  (or  ‘dead  time,”  as  it  is  often  called)  between 
the  time  of  placing  the  order  and  the  time  of  stock  arrival  is  often  subject  to  some 
variations,  since  it  depends  very  much  on  how  heavy  the  production  or  delivery 
schedule  is  at  the  vendor’s  end,  on  the  queue  for  orders  that  he  has  to  meet,  and 
on  the  priority  system  operating  in  Ms  organization.  A  manufacturing  enter¬ 
prise  must  therefore  hold  some  reserve  stocks  to  allow  production  operations  to 
continue,  if  delay  in  procurement  occurs. 

3.  To  allow  for  a  possible  increase  in  output  if  so  required:  Changes  in  the 
manufacturing  program  may  occur  because  of  variations  in  market  requirements, 
seasonal  or  stochastic.  While  production  rate  cannot  always  be  rigidly  geared  to 
demand  for  the  product  in  the  market  (and  tMs,  incidentally,  is  why  stocks  of 
fimshed  products  must  also  be  held),  this  rate  may  have  to  be  stepped  up  or 
reduced  from  time  to  time,  and  if  increased  production  should  be  allowed  to 
proceed  without  interference,  reserve  stocks  of  materials  must  be  held  (see  also 
Chapter  13). 

4.  To  take  advantage  of  qumiiity  discounts:  Materials  and  components  may  be 
cheaper  when  purchased  in  larger  quantities,  owing  to  larger  discounts  and 
lower  transportation  costs.  Furthermore,  paper  work  and  inspection  of  in¬ 
coming  goods  are  often  simplified  when  larger  quantities  are  ordered.  On  the 
other  hand,  capital  is  tied  up  in  dormant  goods,  more  store  space  and  more 
handling  and  maintenance  of  the  goods  in  the  store  are  required,  and  greater 
losses  due  to  deterioration  and  obsolescence  are  normally  expected. 

5.  To  ensure  against  scarcity  of  materials  in  the  market:  Sometimes  there  are 
wild  fluctuations  in  the  output  of  certain  materials  and  in  the  demand  for  them, 
so  that  materials  may  become  scarce  and  difficult  to  get.  A  reserve  stock  held  by 
the  firm  will  ensure  that  production  operations  are  not  affected  by  sporadic 
scarcities  in  the  market.  During  periods  of  rapid  economic  expansion,  or  during 
periods  of  emergency,  the  availability  or  scarcity  of  materials  w^ould  very  often 
become  a  prime  mover  m  stock  control  policy. 

6.  To  utilize  to  advantage  price  fluctuations:  Price  fluctuations  of  materials 
may  have  a  marked  effect  on  the  procurement  policy  of  a  company.  If  these 
fluctuations  are  to  be  used  to  some  advantage,  materials  have  to  be  purchased 
in  adequate  quantities  wiien  prices  are  low.  Industries  depending  on  raw 
materials,  especially  basic  raw-  materials,  have  to  pay  a  great  deal  of  attention 
to  market  prices,  and  some  firms  feel  that  they  are  so  dependent  on  price 
fluctuations  that  major  policy  decisions  and  the  firm’s  resources  become  folly 
geared  to  the  activities  of  the  purchasing  department. 

The  first  and  basic  reason  suggested  above  for  holding  inventories  stems  from 
the  fact  that  withdrawals  from  the  store  differ  in  pattern  from  the  procurement 
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nKHiharuHni.  All  otlM^r  fivt^  (uuiiunm  arc^  of  a  (liflonait  (4iarao4(*r 

ali()g(^Ma‘r,  l»ni  (-ln'y  hn,V(^  oik*  Miini';  in  (‘oimtion:  un(^(K‘(.aini.y.  of  un*» 

(ua’iaint^ioH  in  ratofi  nC  ( l(*n)an<l,  iJincK,  [irici*  (IiK'-tuaUnniunKl  IIkki’ (*n(K^iH  on 
(liH(*oinito‘i,  r<*;K*rv(^  Htfx^kK  imiMt  ho  Ih‘1(1  in  <*x(k*mm  of  liasic^  inv(*riii-ori(*H.  Natnriilly, 
ih(*  i-fn^  nno<‘ri>ainti<*:i,  I-Ik*  [)in;h<a'  Un*  nr  nalnty  Hinc.kH  i-fiat  rmini  bn 

(tarri(Hl,  and  (Ik*  rnnr'<*  (^nalJy  i(.  in  (nr  (Jk*  lirrn  in  (jU(*H(Jnn.  4’hiH  in  why  mu'xa’- 
(,ain(j(‘M  haw(^  l/O  bn  nlaidical  aaid  (/hn  vnriouH  ponnibk^  a.li-(‘riia4iv<‘  pohhacvs  aaialyzcd 
()(^f()n'!  ('Ik^  land-  oik^  n,a,n  b<^  H[)(*(Mfi<Hb  NcaalInHH  to  na-y,  Huc-h  an  analynin  tnuHt  try 
to  lirinp;  in  all  IJk*  r(*l(':van(;  [)ara,rn(4/(a‘H  in  ordca*  to  obtain  an  (u)rnf>l(4;n!  and 
unbia.H(*d  a.  piot/ur'(^  a.H  po.^Mibl(^ 

Ano(-b(‘r  fioint-  t/haX  in  oft(‘n  ov(vrlook(^(l  in  (uifnicKiticin  with  (Jk^  (piantatative 
(dlbnt  of  un<K*r4ajn1.i(*n  in  tlial/  tlio  Hyntcnn  in  nHtially  dynatnicn  (llKing(*H  in  the 
inark(*t  and  in  tin*  ee^onorny  an  a-  whoh*  an^  likcdy  t^o  aJt(‘r  tln^  baJanec^  b(‘tw(^(ni  tlu^ 
variouH  paj*a.nn44^n-4,  i.o  iner(*a.W(*  {ho.  ('Cleet,  of  hook*  a,nd  almost  (^Iimina4(‘  otluTs; 
in  shorl/,  t^o  en^at/C^  a^  virtually  new  siiaud-ion  that  (^aJIs  for  a  new  inv(‘ntory  policy. 
Far  too  ofl(*n  wc^  (ind  in  industa'y  stiK/cal  inv(*ni.ory  (control  procKnlun^s  and 
repl(mis})m(*nt  |)olieieH  that  W(a*e  |Kaiia/i)H  suitabh*  (n  pr(‘vailine  <‘.ondi(j'ons  in  th(^ 
rernott^  fia^t  tint  whioh  have*,  sirujc*  lost  all  signs  of  vaJidil/y  or  reh'vaauK^.  Fa,rticu- 
larly  wlum  th«^  stonm  have  to  deal  with  a  large  munb(‘r  of  items,  [)(K)[)1(‘  an* 
usually  v<K'y  n*lnet.a.ni^  (n  ini rodmu^  ehanggs  in  inv<‘nl;ory  (^oni-rol  sysioms  or 
tn^ai  Honn^  il.(*mn  on  a<  dil’Ierent,  (doinig  i<lin,n  odK*rs.  It,  is  liir  (‘a,si(‘r  t,o  mainta,in 
a.  smoot-li  Hyst,(mi  with  an  fV^w  irr(‘giila.riti(‘H  as  [lossibh*,  a,  sysi,<*in  wliosc^  v(‘ry 
ha^ekbom^  i,s  rontJnes  consist, ing  of  n*[)(*a4al)l<*  a, (d, ions  common  t,o  aJl  it,(*mH,  t-luin 
to  k(*(^|)  on  (duuiging  pro(^edun*s  a.nd  (W(‘n  [lolicJes. 

lint,  inv(*nt,ory  (control  (uinnot,  la*  immiini/,ed  from  the*  (*rteed,K  of  force  ns  a.(d,ing 
on  the  Hyste^m,  a,nd  aai  ult,ra(ionH(‘rva,t,iv(^  a.f)proa,(d)  to  invemtory  control  oltcai 
leads  to  cxeaNSsive*  st,o(d<H  lK‘ld  liy  t  he*  (U)mpany  or  soni(‘t,imtNS  to  lr(KpH*nt  run-outs 
of  Htocks  for  (an’t,aJn  it(‘mH.  lnv(‘ntory  mana.g(*m(mt,  must,  th(‘r(4or(^  ('onstaniily 
evaluate  thci  situation  in  orcha*  to  be  abk^  t,o  d(*(a’d(^  when  a  (;haug(H>v(‘r  in  policy 
i)eco'meH  dc^sirable, 

Effccd  of  Demaud  ob  luvcBtories 

To  illustra,t,(^  th(^  dynarnic.s  of  inventory  rnanageurKni,,  let  us  examine  the 
effects  of  (huna/ud  tlu<d,ua/tions  on  t/h(^  (k^sirable  kwel  of  stocks.  Suppose  a  firm  is 
manufacturing  a  firodmd,  in  four  stagcNs: 

Making  (iompoiumts  from  raw^  mat(u’iaJs 

Making  minor  asscmfiblic^s  from  comf)onents 

Making  major  asscanblicNS  from  cornfionents  and  minor  asBemblies 

Assernblying  tfu*.  final  f)roduct 

Clearly,  th(^  stones  rtmst  hold  stocks  of  items  at  all  stages,  as  well  as  stocks  of 
raw  mat(n-ials.  If  tlu^  demand  for  the  final  product  is,  say,  100  units  per  period, 
the  output  at  (,‘a(;h  stages  should  also  be  100  units  per  period,  and  raw  materials 
should  lik(^wis(^  be  or(l(‘-red  for  100  units  per  period.  A  reserve  or  safety  stock 
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should  also  be  held  at  all  stages.  Let  us  consider  two  policies,  one  which  calls  for 
a  reserve  stock  of  20  per  cent  and  the  other  for  50  per  cent  of  the  output  per 
period.  The  desirable  stock  levels  according  to  these  policies  are  shown  in 
Table  17-1. 


Table  17-1 

Total  Stock  Available 


Demand 

Eeserve  Stock 

at  End  of  Period 

Stage 

per  Period 

Policy  I 

Policy  II 

Policy  I 

Policy  II 

0.  Finished  products 

100 

20 

50 

120 

150 

1.  Major  aosemblies 

100 

20 

50 

120 

150 

2.  Minor  assemblies 

100 

20 

50 

120 

150 

3.  Components 

100 

20 

50 

120 

150 

4.  Materials 

100 

20 

50 

120 

150 

If  demand  for  the  final  product  suddenly  increases  by  20  per  cent,  i.e., 
demand  at  stage  0  is  120,  the  reserve  stock  by  policy  II  should  now  be  60  units. 
At  stage  1  we  have  to  produce  120  units  for  store  0  and  10  more  units  to  increase 
the  reserve  stock  at  stage  0;  hence  130  units  are  needed,  which  involve  a  reserve 
stock  of  65.  At  stage  2  we  now  need  130  to  supply  stage  1,  plus  the  extra  15 
units  to  build  the  reserve  stock  of  stage  1,  and  so  on.  The  new  figures  are  shown 
in  Table  17-2. 

Table  17-2 

Effect  of  a  Demand  Increase  by  20  Per  Cent 

Policy  I  Policy  II 


Stage 

Dewm^fid 

Eeserte 

Total  Bequired 
ai  End  of  1st 

Demand 

Eeserve 

Total  Eequired 
ai  End  of  1st 

0 

120 

24 

Period 

144 

120 

60 

Period 

180 

1 

124 

25 

149 

130 

65 

195 

2 

129 

26 

155 

145 

73 

218 

3 

135 

27 

162 

168 

84 

252 

4 

142 

28 

170 

202 

101 

303 

A  boost  of  only  20  per  cent  in  the  demand  for  the  final  product  causes  a  100  per 
cent  increase  in  the  demand  for  raw  materials  in  the  second  policy,  but  only  by 
40  per  cent  when  the  first  policy  is  adopted.  What  happens  when  there  is  a 
sudden  decline  of  20  per  cent  in  demand?  Again,  we  see  from  Table  17-3  that 
the  effect  of  a  change  in  demand  is  augmented  as  we  proceed  dowm.  the  various 
stages,  but  that  effect  in  policy  II  is  far  larger  than  in  policy  I. 


Table  17-S 

Effect  of  a  Detnand  Decline  by  20  Per  Cent 

Policy  I  Policy  II 


Stage 

Demand 

Eeserm^ 

Total  Bequired 
at  End  of  1st 

Demand 

Reserve 

Toted  Eequired 
at  End  of  1st 

0 

80 

16 

Period 

96 

80 

40 

Period 

120 

1 

76 

15 

91 

70 

35 

105 

2 

71 

14 

85 

55 

28 

83 

3 

65 

13 

78 

33 

17 

50 

4 

58 

12 

70 

0 

0 

0 

Inventory  Control  443 


These  eifects  may  be  erpressed  in  a  more  general  form  as  follows:  If  the 
output  per  period  is  Q  and  if  the  policy  for  reserve  stocks  specifies  that  a  pro¬ 
portion  r  should  be  held,  then  rQ  is  the  safety  stock  for  finished  products  at  the 
final  stores.  If  there  is  a  sudden  impulse  x  in  demand  of  the  product,  so  that 
Q{1  +  ^)  now  needed,  the  reserve  stock  should  now  be  f^(l  -f  ^)-  This  would 
lead  to  the  following  results, 

Stage  1.  Output  required: 

Q(1  +  x)  for  the  final  stage 

+  [r(?(I  x)  —  for  the  safety  stock  at  the  final  stage 
=  Q[l  +  x{l  +  r)] 

Safety  stock  required: 

rQ[l  +  ^(1  +  r)J 

Stage  2.  Output  required: 

Qll  +  x(l  +  r)]  +  {rQ[l  -f  x{l  +  0]  -  rQ} 

(for  output  at  stage  1)  (for  safety  stock  at  stage  1) 

=  Q[1  +  a:{l  +  rf] 


Safety  stock  required: 

rQ[l  +  *(1  +  »•)’-] 

Stage  3.  Output  required: 

<g[l  +  a:(l  +  r)2]  +  rQ[l  +  x(l  -j-  -  rQ  =  Q[1  +  a:(l  +  r)®] 


Safety  stock  required: 

ra[l  +  *(1  ^)®] 

and  so  on.  It  can  be  sho-RTi  that  the  output  Q^  required  at  the  «th  stage  -would 

be  given  by 


Q 


1  +  x(l  -L  r)« 


(17-1) 


from  which  it  is  e-ddent  that  -will  increase  with  the  policy  r.  the  impulse  x, 
and  above  all,  -with  the  number  of  steps  n.  However,  x  and,  to  all  intents  and 
purposes,  n  are  dictated  by  outside  circumstances,  whereas  r  is  an  expression 
of  our  inventory  policy.  Ob-siously,  the  smaller  the  reserve  stocks,  the  smaller 
the  effects  of  fluctuations  caused  by  this  chain  reaction  along  the  production  line. 
Had  we  been  able  to  dispose  of  reserve  stocks  altogether  {i.e.,  r  =  0),  there 
would  be  no  amplification  of  the  impulse  through  the  stages,  as  then 
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Equation  17-1  may  sometimes  give  us  some  useful  indications  as  to  how  liberal 
our  policy  may  be  allowed  to  become: 


Example 

If  fluctuations  in  demand  of  10  per  cent  may  be  expected,  and  if  it  is  undesir¬ 
able  for  Qn!Q  to  exceed  1.2,  wliat  policy  r  may  be  allowed  when  the  line  consists 
of  four  production  stages  I 
Sol'idion 

Substituting  =  4,  a;  =  0.1,  —  1  =  0.2,  we  have 

^  —  -  1  =  0.19  -  0.20 
V  0.1 

i.e.,  reserve  stocks  should  not  be  more  than  20  per  cent  of  the  output  volumes. 


The  figures  giT’eii  in  Tables  17-2  and  17-3  indicate  the  immediate  effects  of  a 
demand  impulse.  If  in  the  subsequent  period  the  demand  for  finished  products 
remains  at  its  new  level,  the  output  at  stage  1  may  be  matched  with  the  level 
required  at  stage  0,  and  outputs  at  other  stages  should  also  be  adjusted  so  that 
the  amphtude  of  the  wave  that  has  been  generated  is  considerably  reduced  with 
each  period,  until  eventually  in  the  fifth  period  {Table  17-4)  the  amount  of 
materials  required  (stage  4)  is  the  same  as  the  new  demand  figure.  As  the  orders 
for  output  at  the  various  stages  are  successively  adjusted,  the  safety  stock 
requirements  must  be  adjusted  accordingly,  and  this  secondary  ettect  is  also 
generated  across  the  line,  before  final  equilibrium  is  attained.  We  have  not 
pursued  here  the  effects  of  discrepancies  between  demand  forecasts  and  actual 
demand,  as  these  were  discussed  in  Chapter  6.  but  evidently  they  will  contribute 
to  fluctuations  along  the  line. 

Table  17-4 

Effect  of  a  Demand  Impulse  on  Requirements  in  Successive 

Periads 


Stage 

Before 

Demand  Impulse 
a  b 

1 

a 

b 

2 

a 

b 

Period 

3 

a  b 

4 

a 

b 

0 

a 

h 

0 

100 

50 

120 

60 

120 

60 

120 

60 

120 

60 

120 

60 

1 

100 

50 

130 

65 

120 

60 

120 

60 

120 

60 

120 

60 

2 

100 

50 

145 

73 

130 

65 

120 

60 

120 

60 

120 

60 

3 

100 

50 

16S 

84 

145 

73 

130 

65 

120 

60 

120 

60 

4 

100 

50 

202 

101 

168 

84 

145 

73 

130 

65 

120 

60 

Col.  a  =  demand;  cob  b  =  r^erve. 
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The  somewhat  simplified  model  given  in  Table  17-4  illustrates  ho'w  amplitudes 
of  fluctuations  at  the  market  end  of  the  line  are  amplified  as  the  waves  are 
propagated  across  the  production  line,  but  the  model  does  not  account  for  the 
fact  that  if  the  production  rate  is  suddenly  increased,  reserve  stocks  of  materials, 
components  and  assemblies  have  to  be  used  until  they  can  be  replenished  (this, 
after  all,  is  one  of  the  main  reasons  for  holding  safety  stocks).  Thus,  in  increasing 
our  production  rate,  we  must  supply  not  only  the  next  stage  up  the  line  and  the 
need  to  raise  the  level  of  reserve  stock  in  that  stage,  but  we  must  also  replenish 
the  amount  taken  from  the  safety  stock  when  line  output  is  not  adequate.  This 
means  that  the  effect  at  the  other  end  of  the  line  will  be  even  more  pronounced 
than  suggested  by  the  accompanying  tables,  depending  on  the  lead  times 
required  for  ordering  materials  and  for  initiating  changes  in  the  production 
rate. 

Take,  for  example,  a  case  with  three  stages,  as  described  in  Table  17-5. 
During  period  1  the  demand  for  finished  products  is  100,  and  the  output  at  each 
stage  is  matched  to  this  figure,  while  safety  stocks  are  50  miits  at  each  stage. 
During  period  2  the  demand  rises  to  110  units,  but  output  of  finished  products 
is  only  100,  so  that  10  units  from  the  safety  stock  are  vdthdrawn,  leaving  it  with 
40  units.  Suppose  this  increased  demand  is  expected  to  continue  during  period 
3;  the  output  of  stage  0  should  be 

110  (to  supply  the  line)  +  0.5  x  110  (new  safety  level)  —  40  (present  level) 

=  125 


Table  17-5 


Effect  of  Demand  Impulse  When  Policy  Reqiiires  Safety  Stock 
to  be  oO%  of  Momentary^  Output  for  the  Line 


Stage 

1 

2 

Period  Number 

3 

End.  of  3 

a 

h 

a 

h 

a  b 

a  b 

Market  demand 

100 

/ 

110 
/  \ 

no 

110 

/ 

0.  Final  product 

100 

t 

50 

100 

t 

40 

125  40 

110  55 

t 

1.  Assemblies 

100 

t 

50 

100 

t 

50 

150  25 
(163) 

t 

150 

(258)  (-13) 

t 

495->* 

(-108) 

no  65 

t 

2.  Components 

100 

t 

50 

100 

t 

50 

110  40 

\ 

3.  Materials 

100 

50 

100 

50 

110  385 

Column  a:  actual  outputs  for  the  period.  In  brackets:  required,  but  unattainable  output 
levels. 

Column  6:  safety  stocks. 

* :  Safety  stock  run-out. 

Arrows  show  flow  of  materials,  components,  etc. 
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Table  17-6 

Effect  of  Demand  Impulse  When  Policy  Requires  Safety  Stock 
to  be  50  of  Eventual  Output  for  the  Line 

Period  Number 


Stage 

1 

2 

3 

Efid  of  3 

4 

5 

a 

b 

a 

b 

a  b 

a 

b 

a 

b 

a 

6 

Market  demand 

100 

110 

110 

110 

110 

no 

\ 

55 

Z' 

55 

0.  Final  product 

100 

50 

100 

40 

125  40 

110 

55 

110 

no 

t 

t 

t 

t 

t 

1.  Assembli^ 

lOO 

50 

100 

50 

140  25 

110 

55 

no 

55 

no 

55 

t 

t 

t 

X 

t 

2.  Components 

100 

50 

100 

50 

150  10 

110 

50 

115 

50 

no 

55 

t 

I 

(155) 

t 

t 

T 

3.  Materials 

100 

50 

100 

50 

170  * 

no 

55 

115 

55 

no 

55 

(-5) 

Colnmn  a:  actual  outputs  for  the  period..  In  brackets:  required,  but  unattainable  output 
levels. 

Column  5:  safety  stocks. 

:  Safety  stock  run-out. 

Arrows  show  flow  of  materi.als,  components,  etc. 

But  in  order  to  produce  125  units,  we  must  have  125  assemblies,  and  these  we 
can  get  as  follows:  100  from  output  of  stage  1  4”  25  from  the  safety  stock  of 
stage  1,  leaving  now  only  25  ha  stock.  The  output  required  now  for  assemblies  is: 

125  (for  the  line)  -f  0.5  X  125  (safety)  —  25  (present  level)  =  163. 

But  with  the  policy  for  safety  stock  adopted  so  far,  it  is  impossible  to  produce 
163  units  at  stage  1,  the  maximum  possible  output  being  150  (100  from  stage  2 
+  50  from  the  safety  stock),  so  that  an  outstanding  demand  for  13  units  from 
the  safety  stock  at  stage  2  cannot  be  met.  Similarly,  the  output  required  at 
stage  2  is 

163  +  0.5  X  163  -  {  -  13)  =  258 

Again,  only  150  can  be  produced  and  a  deficiency  of  108  units  in  the  safety  stock 
at  stage  3  is  recorded,  and  so  on.  For  safety  we  have  specified  here  stocks  being 
50  per  cent  of  the  portion  of  the  output  that  is  required  for  replenishment  of 
the  safety  stock  of  that  stage.  Even  so,  it  is  remarkable  how^  a  10  per  cent 
impulse  in  demand  of  finished  products  can  (one  might  say  ‘'artifically'')  create 
a  demand  for  495  units  for  materials  after  only  three  stages. 

Restrictions  on  output  increase 

There  are  two  main  restrictions  on  increasing  the  output  at  various  stages: 
The  first,  as  already  indicated  above,  is  caused  by  the  level  of  safety  stocks.  In 
the  example  given  in  Table  17-5,  this  would  limit  the  output  to  150  at  each 
stage  during  period  3.  The  second  restriction  lies  in  the  limited  capacity  of  the 
machines,  in  the  Mmited  available  labor,  and  in  the  limited  flexibility  of  the 
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technological  and  administrative  airangements  that  can  be  made  at  a  short 
notice. 

Let  us  assume  for  a  moment  that  in  our  example,  the  only  limitation  to 
increasing  the  output  is  the  amount  of  materials  available  at  the  input  to  each 
stage;  in  other  words,  the  amoimt  that  can  be  drawn  from  the  safety  stock. 
Orders  for  the  amounts  shown  in  parentheses  in  Table  17-5  have  been  issued 
with  the  full  knowledge  that  they  cannot  be  fulfilled,  and  this  naturally  intro¬ 
duces  an  atmosphere  of  strain  and  uncertainty  into  the  shop.  But  what  does 
actually  happen  in  period  3? 

Stages  1,  2,  and  3  produce  150  units  (the  maximum  possible  amount),  and  at 
the  end  of  the  period  110  units  are  transferred  along  the  line.  The  balance  goes 
into  the  safety  stocks  and  the  picture  is  not  really  so  bleak  as  we  have  been  led 
to  believe  at  the  beginning  of  the  period.  In  fact  we  have  now  65  units  as  safety 
stock  at  stage  1,  whereas  only  55  are  required.  This  means  that  although  the 
quota  of  163  was  not  met,  the  production  order  for  the  next  period  wil  have  to 
specify  a  quantity  smaller  than  110,  while  stage  0  (where  the  quota  was  met)  will 
have  to  produce  110!  This  is  a  typical  state  of  affairs  when  safety  stock  policy: 

(i)  Specifies  a  certain  percentage  of  the  momentary  stage  output,  rather 
than  of  the  ultimate  stage  output; 

(ii)  Tries  to  restore  immediately  the  safety  stocks  to  their  desirable  level. 

Too  often,  unfortunately,  these  features  are  characteristic  of  decentralized 

production  control,  ivhere  each  stage  is  responsible  for  its  own  output  and 
reserve  stocks,  and  where  decisions  are  taken  on  the  basis  of  output  figures  at 
the  next  stage  in  the  line,  rather  than  on  the  end  requirements.  One  can  only 
sympathize  with  the  frustrated  stock  controller  of  materials  at  stage  3,  who  is 
faced  with  unruly  fluctuations  in  requirements.  At  the  begmmng  of  period  3  he 
puts  in  an  order  for  495  units,  110  of  which  are  sent  along  the  line  and  385  left  as 
reserve.  The  safety  stock  has,  therefore,  50  at  the  beginning  of  the  period,  all  of 
which  are  withdrawn.  A  further  demand  for  108  cannot  be  met,  and  then  the 
stock  level  surges  to  385 — and  all  this  in  one  period!  Furthermore,  after  in¬ 
creasing  fivefold  the  order  for  materials  from  period  2  to  3,  there  will  now  pass 
several  periods  in  which  no  orders  for  fresh  materials  will  be  made. 

If,  however,  outputs  and  safety  stocks  are  computed  with  the  eventwd 
required  output  ha  mind,  the  amount  ordered  at  stage  0  "would  still  be  125, 
but  at  stage  1 : 

110  (for  stage  0)  +  55  (safety)  —  25  (present  safety  level)  =  140 
Similarly,  at  stage  2,  155  would  be  needed,  170'  at  stage  3,  etc.,  the  increase  being 
15  units  per  stage  (10  for  satisfaction  of  the  demand,  5  for  putting  up  the  safety 
stock),  as  shown  in  Table  17-6.  The  safety  stock  is  now  depleted  at  stage  3,  so 
that  stage  2  can  produce  150  instead  of  155  units.  TMs  is  not  so  serious,  as  shown 
in  the  next  column,  which  gives  the  position  at  the  end  of  period  3.  Apart  from 
the  safety  stock  at  stage  3  (which  is  only  5  umts  too  low),  all  is  weH.  In  period  4, 
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therefore,  we  have  to  produce  115  at  stage  3  and  order  115  for  materials  at 
stage  4,  and  in  this  way  we  succeed  in  smoothing  out  the  effects  of  the  demand 
impulse  by  the  end  of  period  4. 

Fluctuations  in  distribution  channels 

Distribution  channels  in  marketing  present  a  similar  background,  each  channel 
being  analogous  to  one  of  the  stages  in  the  line  referred  to  above,  and  changes 
in  demand  at  the  retailers^  end  may  cause  serious  fluctuations  in  orders  from 
the  plant.  Very  often,  however,  the  plant  cannot  immediately  switch  over  to 
new  outputs  in  every  period,  and  the  change  is  usually  gradual  and  mthin 
certain  hmits  (e.g.,  production  may  be  adjusted  from  period  to  period  by  ±20 
per  cent  but  cannot  be  increased  fivefold  as  in  the  example  in  Table  17-5),  and 
this  often  helps  to  damp  these  fluctuations. 

Two  interesting  examples  of  the  effect  of  a  demand  impulse  by  10  per  cent  at 
the  retail  end  are  shown  in  Figs.  17-1  and  17-2.  The  processing  of  the  orders, 
including  mafling,  receiving,  and  accounting,  may  often  involve  a  lag  time  of 
about  one  month  from  retailers'  to  distributors’  orders.  While  the  retailer  in  this 
case  ordem  10  per  cent  more,  the  distributor  has  to  order  15  per  cent  more 
(Fig.  17-1),  and  by  the  time  the  effect  is  felt  at  the  factory  warehouse,  the  order 
is  increased  by  28  per  cent.  The  inventory  level  at  the  factory  warehouse  first 
falls  by  13  per  cent  in  order  to  comply  vith  the  orders.  The  factory  output,  now 
delayed  by  six  weeks,  reaches  a  peak  of  +40  per  cent  above  the  initial  level, 
while  the  increase  in  demand  is  stiE  only  10  per  cent  up.  Figure  17-2  shows  a 
similar  state  of  affairs  when  the  demand  fluctuates  seasonally  by  +10  per  cent. 
The  effects  on  the  stock-level  fluctuations  at  the  factory  warehouse  and  on  the 
factory  production  output  are  remarkable. 

To  sum  up,  combinations  of  uncertamties  in  market  demand  and  replenish¬ 
ment  times  seem  to  have  a  marked  effect  on  the  requirements  at  the  source,  and 
for  this  reason  inventories  of  goods  at  the  beginning  of  a  distribution  pipe  line, 
or  inventories  of  raw  materials,  tend  to  be  rather  high.  Indeed,  the  Department 
of  Commerce  has  estimated  that  more  than  50  per  cent  of  the  total  inventories 
in  the  United  States  are  held  by  manufacturers,  and  tiiis  represents  a  colossal 
sum  of  money.  The  study  of  inventory  levels  and  the  characteristics  of  chain 
reactions  of  the  type  mentioned  above  seems,  therefore,  to  be  well  worth  w+ile. 

Stock  Control  Systems 

Briefly,  stock  control  systems  constitute  the  framework  of  laid  down  pro¬ 
cedures,  according  to  which  quantity  control  is  exercised.  This  control  follows 
the  familiar  pattern  of  any  control  system,  namely: 

•  Find  out  how  much  we  have  (stock  records,  stock  taking). 

•  Compare  with  how  much  we  should  have  (as  specified  after  study  of  stock-level 

fluctuations,  rates  of  demand,  etc.). 

•  Take  steps  to  close  the  gap  between  the  two  (stock  replenishment,  re-evaluation 

of  the  desirable  average  and  safety  stock  levels). 


Figure  17—1.  Response  of  production- distribution  spsteni  to  a  sudden 
increase  in  retail  sales ^  (From  “Industrial  D^namies,  A  Major  Breakthrougli  for 
Decision  Makers/’  by  Jay  W.  Forrester,  Harvard  Busings  Review,  July- August  195S, 
reproduced  courtesy  Harvard  Business  Review) 


Figure  17—2.  Response  of  production-distribution  system  to  a  sudden 
annual  rise  and  fall  in  retail  sales.  (From  “  Industrial  D^^mamics,  A  Major  Breakthrougli 
for  Decision  Makers,”  by  Jay  W.  Forrester,  Harvard  Business  Review,  July-August  1958, 
reproduced  courtesy  Harvard  Business  Review) 
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The  study  of  the  discrepancies  that  occur  between  the  planned  and  the  actual 
stocks  is  essential  if  the  control  system  is  to  be  effective.  Indeed,  the  effectiveness 
of  any  system  or  procedure  is  determined  by  its  success  or  failure  to  realize  the 
aims  for  which  it  has  been  adopted  in  the  first  place.  If  the  nature  of  these 
discrepancies  is  known  and  understood,  management  can  be  in  a  position  to 
decide  whether  it  is  possible  and  worth  while  to  change  the  system  or  modify  it 
in  order  to  attain  a  higher  degree  of  correlation. 

We  have  discussed  in  the  preceding  section  some  of  the  vertical  effects  of 
demand  fl^uctuations  on  stock  levels,  ‘"vertical”  in  the  sense  that  stages  follow  in 
a  manufacturing  sequence  and  the  dependence  of  stages  on  each  other  lies  in 
the  feeder  flow  of  materials  or  components  that  form  the  line.  There  are,  how¬ 
ever,  horizontal  effects  as  well.  A  store  of  different  components,  for  instance,  may 
be  fed  by  the  same  shop  in  such  a  way  that  no  two  items  can  be  supplied 
simultaneously.  The  machines  in  the  shop  produce  one  item  at  a  time  and  are 
set  to  produce  another  item  when  the  quota  or  batch  of  the  currently  produced 
one  is  fulfilled.  All  the  items  supplied  by  this  shop  are  not  vertically  dependent 
on  each  other  (they  may  even  be  intended  for  different  products)  and  coexist  on 
the  same  horizontal  footing,  so  to  s|^ak.  I^ow,  when  the  demand  for  one  item 
changes,  the  quantity  ordered  for  that  item  from  the  shop  and  thereby  the 
production  schedule  are  affected.  This  means  that  delivery  for  another  item 
may  be  delayed  or  put  forward,  and  hence  its  stock  level  will  assume  a  pattern 
of  change  different  from  that  expected. 

Horizontal  effects  also  occur  when  materials  or  components  are  ordered  from 
an  outside  source  of  supply.  It  is  sometimes  desirable  to  exploit  favorable  terms 
of  sale,  which  involve  a  common  delivery  date  for  different  items,  and  this  date 
may  not  coincide  with  the  ones  specified  had  each  item  been  ordered  separately. 
It  is  probably  true  to  say  that  the  larger  the  store  and  the  larger  the  number  of 
items  held  in  it,  the  more  prominent  these  horizontal  effects  are  likely  to  be. 

Ordering  prcMjedures 

The  main  features  of  a  stock  control  system  are  defined  by  the  ordermg 
procedure,  wMch  is  designed  to  answ^er  the  following  two  simple  questions: 
How  much  to  order?  When  to  order?  Some  of  the  more  common  stock  control 
systems  wdll  now  be  described. 

The  two-bm  system  (sometimes  called  the  min-max  system) 

This  is  perhaps  the  oldest  and  the  most  commonly  used  system.  The  stock  is 
divided  into  two  bins:  the  first  one  is  intended  for  satisfying  current  demand,  the 
second  for  satisfying  demand  during  the  replenishment  period.  Thus  the  second 
bin  comes  into  use  only  after  the  first  bin  has  been  completely  depleted,  and 
when  that  happens,  an  order  for  stock  replenishment  is  put  in.  When  the  ordered 
batch  arrives,  the  level  of  the  second  bin  is  restored  to  its  original  high  value  and 
the  balance  is  put  in  the  first  bin,  from  which  current  demand  is  now  supplied 
again. 
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This  division  into  bins  either  may  take  the  form  of  physical  division  in  the 
store,  with  the  storeskeeper  giving  the  ordering  signal  as  soon  as  he  has  to  start 
using  the  second  bin,  or  the  two  bins  may  be  segregated  only  on  the  stock  card, 
so  that  in  the  stores  the  two  quantities  are  kept  together.  There  is,  however,  a 
fundamental  difference  between  the  tw^o  methods.  When  the  stock  is  physically 
divided  into  two  bins,  the  ordering  procedure  is  '‘automatic/^  so  to  speak.  The 
authority  to  order  replenishment  is  not  dependent  on  stock  taking,  stock  balance 
calculations,  consumption  rate  fluctuations,  trends,  etc.  The  system  is  automatic  in 
the  sense  that  it  can  dispense  with  all  this  paper  work  and  rely  solely  on  the  stock 
level  to  trigger  off  the  order,  as  soon  as  this  level  reaches  a  predetermiiied  value. 

When  the  stock  is  divided  into  two  bins  on  paper  only  (either  on  the  same 
stock  card  or  by  the  use  of  two  stock  cards,  one  for  each  bin),  the  order  for 
replenishment  must  be  initiated  at  the  control  office,  and  this  necessitates  accu¬ 
rate  and  up-to-date  records,  hence  an  effective  reporting  procedure,  involving  a 
fair  amount  of  paper  'work,  minimum  time  lag  for  information  from  the  store  to 
be  transferred  into  the  records,  and  periodical  stock  takings  to  compare  the 
records  with  physical  stocks.  Although  valuable  information  is  gainoi  by  this 
method  on  the  current  stock  level  and  demand  characteristics,  the  system  loses 
some  of  its  ‘“automaticity.” 

The  main  advantage  of  the  two-bin  system  lies  in  its  simplicity  and  reliability. 
It  is  comparatively  cheap  to  operate  and  easy  to  explain  to  new  stock  control 
personnel.  One  of  its  disadvantages,  however,  is  the  absence  of  adequate  data  on 
stock  levels  and  consumption  rates  in  the  simpler  forms  of  the  system.  This 
hampers  to  a  certain  extent  our  ability  to  re-evaluate  batch  sizes  for  orders, 
which  become  particularly  difficult  to  control  in  the  case  of  slow-moving  stock. 
Also,  when  different  items  have  to  be  ordered  from  the  same  source,  in  order  to 
reduce  transportation  costs  or  to  take  advantage  of  credit  or  discount  terms,  it 
is  necessary  to  order  several  items  simultaneously,  even  when  only  one  reaches 
the  reorder  point  (an  example  of  such  a  system  is  given  later),  while  the  basic 
idea  of  the  two-bin  system  is  that  products  are  independent  of  each  other  in 
the  replenishment  procedure. 

True  enough,  all  these  shortcomings  in  the  system  can  he  alleviated  by  the 
introduction  of  suitable  modifications  such  as  segregation  between  slow-, 
medium-,  and  fast-moving  items  with  a  different  amount  of  paper  work  and 
consumption  rate  analysis  for  each  group  or  setting  up  groups  of  goods  that  have 
to  be  ordered  simultaneously  from  the  same  vendors,  with  proper  cross  checks 
of  stock  levels.  Most  of  these  modifications  work  very  well  in  practice,  hut  more 
often  than  not  they  rob  the  two-bin  system  of  its  basic  advantage:  simplicity 
of  performance  and  minimum  paper  work. 

The  ordering  cgele  system 

Whereas  in  the  two -bin  system  the  reorder  mechanism  is  link«i  to  the  stock 
level  of  each  individual  item,  the  ordering  cycle  system  is  based  on  periodic 
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reordering  of  all  items.  With,  every  cycle  the  stock  of  each  item  is  brought  up  to 
its  level,  which  is  dependent  on  the  length  of  the  cycle,  the  replenishment  period, 
and  the  consumption  rate.  When  the  replenishment  period  and  demand  are 
not  subject  to  variations,  the  reorder  quantity  obviously  increases  with  the 
cycle  time,  so  that  short  cycles  are  required  if  rapid  turnover  of  stock  is  desirable. 
The  main  advantage  of  this  system  over  the  two-bin  system  is  that  all  orders  for 
replenishment  are  issued  at  the  same  time.  The  ordering  mechanism  is  regular 
and  not  subject  to  sporadic  arrivals  of  warning  signals  from  the  store,  and  the 
personnel  in  the  control  office  can  perhaps  better  plan  its  operations  and  utilize 
its  time  more  efficiently.  Usually,  however,  more  stock  is  held  when  this  system 
is  adopted  than  with  the  two- bin  system.  Among  the  variations  of  the  ordering 
cycle  system  are  the  following: 

1.  All  items  one  cycle;  i.e.,  all  the  items  are  replenished  every  cycle.  This  is  a 
particularly  useful  method  when  the  number  of  items  is  not  too  large  and  when 
the  differences  in  demand  are  not  so  marked  as  to  create  large  contrasts  in  the 
rate  of  stock  turnover.  In  some  cases,  when  the  different  goods  have  similar 
demand  characteristics,  replenishment  times,  etc.,  one  reorder  quantity  may  be 
adopted  for  all  items,  uith  readjustments  for  individual  items  made  once  every 
few  cycles.  This  method  greatly  simplifies  the  ordering  procedure. 

2.  JIuItkycles;  i.e.,  the  items  are  divided  into  groups  and  each  group  has  its 
own  ordering  cycle,  independent  of  the  other  groups.  The  groups  are  formed 
either  by  selecting  goods  that  have  to  be  ordered  from  the  same  vendor  or  by- 
taking  items  whose  demand  characteristics  are  very  close.  The  multicycle  system 
is  adopted  when  the  stores  have  to  deal  with  a  large  number  of  items.  Whereas 
with  “all  items  one  cycle'’  the  average  stock  level  tends  to  increase  with  the 
number  of  items,  this  failing  can  be  remedied  by  splitting  the  store  into  groups 
and  assigning  an  appropriate  cycle  time  to  each. 

Comhinatious  of  the  iwo-bm  and  the  ordering  cycle  systems 

There  are  several  stock  control  systems  in  industry  that  trydo  combine  certain 
features  of  the  two-bin  and  of  the  cycle  systems,  in  order  to  enjoy  the  advantage 
of  both.  These  combinations  vary  in  character,  depending  on  how  much  is  really 
borrowed  from  the  two  basic  systems.  Two  examples  are  discussed  below. 

Examph  1 

The  store  is  divided  into  groups  and  all  items  of  each  group  are  ordered  simul¬ 
taneously.  When  any  member  of  the  group  reaches  the  reorder  point  (i.e.,  its 
second  bin  comes  into  use),  all  items  in  the  group  are  automatically  ordered. 
The  danger  of  this  method  is  that  slow  moving  items  will  be  ordered  again  and 
again,  and  some  measure  of  control  is  required  to  prevent  their  being  reordered 
when  a  certain  level  of  stock  is  attained.  Tliis  can  be  done  by  reviewing  the  stock 
cards  of  all  members  of  the  group  before  reordering.  Better  still,  one  can  intro¬ 
duce  a  quick  visual  check  in  the  stores  by  using  a  shelf  or  a  rack  with  a  capacity 
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equal  to  the  maximum  desirable  amount  of  stock.  If  the  shelf  is  not  Ml,  the  item 
may  be  reordered  when  the  other  members  of  the  group  are  ordered.  If  there  is 
an  overspill,  the  item  is  deleted  from  the  group  order. 

This  method  constitutes  in  fact  a  three-bin  system  vith  the  following  usage 
and  ordering  rules:  Do  not  use  bin  3  before  bin  2  is  depleted  and  do  not  use  bin  2 
before  bin  1  is  depleted.  Do  not  order  an  item  as  long  as  its  bin  1  is  used.  If  a 
reorder  signal  is  given  by  another  item,  include  the  item  when  bin  2  is  in  use. 
As  soon  as  bin  2  is  depleted,  give  the  reorder  signal  for  the  group  {but  exclude 
from  the  order  all  items -that  have  bin  1  in  use).  In  this  wray,  excessive  accumu¬ 
lation  of  stocks  is  avoided,  while  some  of  the  main  features  of  the  basic  systems 
are  retained,  namely,  the  principle  of  the  tw^o-bin  system  by  wMch  reordering  is 
triggered  off  by  stock  levels,  and  the  simultaneous  reordering  characteristic  of 
the  ordering  cycle.  It  may  be  said,  however,  that  the  method  is  basically  a  two- 
bin  system  with  an  ordering  cycle  modification. 

Example  2 

The  store  is  divided  into  groups  and  each  group  has  its  owm  ordering  cycle. 
In  order  to  ensure,  how^ever,  that  w^e  shall  not  run  out  of  stock  before  the  time 
for  reorder  for  the  w'hole  group  has  come,  reordering  individual  items  by  the 
twm-bin  system  is  introduced.  Hence,  if  the  first  bin  of  any  member  of  the  group 
is  depleted,  an  order  for  this  item  alone  is  automatically^  sent  out.  This  method 
allow's  flexibility  in  determining  the  length  of  the  reorder  cycle.  When  the  cycle 
is  short,  most  orders  are  made  by  the  cycle  system ;  w^hen  the  cycle  is  made  longer, 
more  and  more  orders  are  sent  out  by  the  tw’o-bin  system.  Here,  too,  it  is  neces¬ 
sary  to  prevent  excessive  stock  build-up,  and  this  may  he  achieved  in  the  mamier 
described  above.  This  system  is  basically  an  ordering  cycle  system  with  a  tw'o- 
bin  system  modification,  but  the  two-bin  bias  increases  as  the  cycle  length  for 
any  specific  group  increases. 

Reorder  Quantity 

A  typical  example  for  variation  of  stock  level  with  linear  demand  was  shovm 
in  Fig,  6-21,  and  as  pointed  out  in  Chapter  10,  the  optimal  batch  size  for  stock 
replenishment  is  a  special  case  in  the  theory  for  optimal  batch  sizes  for  produc¬ 
tion.  Clearly,  if  w’e  order  too  often,  the  cost  per  item  may  increase,  owing  to  the 
cost  involved  in  preparing  and  issuing  a  large  number  of  orders.  If  w^e  keep  this 
number  dowm  and  order  too  much  each  time,  the  carryiiig  costs  due  to  a  high 
average  level  of  stock  w^oiild  be  excessive. 

Since  the  stock  increases  instantaneously  when  the  batch  arrives,  the  rate  of 
production  is  not  included  in  the  consideration  of  the  optimal  batch,  or 

and  for  minimum  costs  per  unit  the  batch  size  is 


(17-2) 
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where  s  is  the  cost  incurred  in  processing  an  order  and  K  is  the  carrying  costs 
factor: 

K  =  l±^  (17-3) 

2a 

where  a  is  now  the  consumption  rate,  I  the  interest  charges  per  piece  per  unit 
time,  and  B  the  average  carrying  costs  in  stores  per  unit  time.  It  should  perhaps 
be  noted  here  that  consumption  often  takes  the  form  of  short  instantaneous 
spurts,  as  shown  in  the  example  of  Table  17-7  and  Fig.  17-3.  As  long  as  these 
spurts  are  comparatively  small  in  amplitude,  an  approximately  continuous 
demand  pattern  may  be  assumed,  and  the  average  rate  of  demand  may  be 
regarded  as  a  for  application  in  formulae. 


Table  17-7 

Stock  Record  Card  in  the  Tico-Bin  St/stem  (an  example) 


Item :  RO  TA  Spindlee  Order  Quantity :  1 , 200 

Spec.  No.:  Reorder  Point:  800 

Safety  Stock:  800 


Date 

In 

Otd 

Balance 

On  Order 

May 

31 

1,200 

1,200 

0 

June 

7 

100 

1,100 

0 

10 

250 

850 

0 

20 

100 

750 

1,200 

July 

1 

150 

600 

1,200 

6 

225 

375 

1,200 

10 

1,200 

1,575 

0 

16 

320 

1,255 

0 

26 

300 

955 

0 

Aug. 

8 

55 

900 

0 

10 

350 

550 

1,200 

15 

100 

450 

1,200 

20 

150 

300 

1,200 

Sept. 

5 

100 

200 

1,200 

10 

1,200 

1,400 

0 

22 

150 

1,250 

0 

30 

250 

1,000 

0 

Oct, 

10 

325 

675 

1,200 

18 

125 

550 

1,200 

825  units  ,, 

Average  demand  in  the  first  period,  21  / day . 

Average  demand  in  the  second  period  —  23/day. 


Reorder  range 

A  discussion  on  criteria  selection  for  optimal  batch  determination  is  included 
in  Chapter  10,  and  those  remarks  will  generally  apply  here.  The  term  production 
range,  which  was  introduced  in  Chapter  10,  may  be  substituted  by  reorder 
range.  This  range  covers  those  hatch  sizes  for  which  the  total  costs  per  unit  will 
not  exceed  a  predetermined  value  (conveniently  defined  by  the  parameter  p). 


Inventory  Control  455 


and  its  upper  and  lower  limits  may  be  computed  as  those  of  the  production  range 
(except  that  now,  again,  0^  =  0),  The  reorder  range  is  an  important  concept  in 
the  formulation  of  an  effective  stock  control  system,  as  we  shall  see  later  on. 


Figure  17-3.  Random  instantaneous  imthdramals  from 
stock,  {See  Table  7) 


It  should  be  noted  here  that  the  ratio  u,  introduced  in  Chapter  10,  has  a 
specific  meaning  in  stock  control.  Previously  u  was  defined  as 

cQm 

u  = - 

s 

where  c  is  the  constant  cost  per  unit;  hence  the  numerator  denotes  the  value  of 
the  order  when  the  minimum- cost  batch  size  is  specified,  and  u  is  the  ratio  of 
the  order  value  to  the  cost  of  placing  and  dealing  with  an  order.  While  the  value 
per  unit  denoted  on  the  order  is  c,  the  actual  costs  incurred  per  unit  are  higher, 
owing  to  the  additional  costs  of  placing  orders  and  carr3ring  stocks: 

r  =  c  +  ^  +  -KTQ 

so  that  the  actual  costs  per  order  of  units  are 

(f«).  =  <«„(!  +  ?) 

Some  case  studies  in  industry  have  shown  that  sometimes  a  comparatively  large 
percentage  of  the  total  orders  issued  is  for  small  sums  of  money,  so  that  the  ratio 
of  the  order  value  to  the  cost  of  issuing  the  order  is  comparatively  small.  The 
question  arises  whether  it  would  not  be  wise  to  depart  from  the  policy  of  speci¬ 
fying  for  each  item,  but  instead  stipulate  larger  quantities  per  order  so  that 
the  number  of  orders  for  these  particular  items  would  be  reduced.  The  maximum 
amount  that  can  be  allowed  is  obviously  the  upper  limit  of  the  reorder  range, 
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since  by  definition  it  is  undesirable  to  specify  batch  sizes  outside  this  range;  in 
this  connection  it  is  useful  to  bear  in  mind  the  following  brief  remarks: 

1.  Items  that  are  comparatively  cheap  may  often  enjoy  a  higher  allowance  p 
than  expensive  iteniSj  since  larger  deviations  from  the  optimum  in  cheap  items 
may  first  seem  ominous  percentage-wise  (compared  with  their  cost),  but  when 
compared  with  the  stock  value  of  all  items,  this  increase  may  be  negligible.  In 
cases  where  the  cost  per  item  varies  widely,  it  is  often  worth  while  to  analyze 
critically  the  policy  laid  down  for  p,  and  especially  when  it  is  a  uniform  policy 
to  all  items,  it  should  be  viewed  suspiciously. 

2.  The  increase  of  batch  quantities  of  the  cheaper  items  results  in  a  reduction 
of  the  total  number  of  orders  placed.  This  number  reduces  drastically  even 
further  i¥hen  cheaper  items  are  put  on  a  reorder  cycle  system,  with  several  items 
included  in  one  onier  from  one  vendor  instead  of  a  separate  order  per  item.  This 
is  often  accompamed  by  a  change  in  the*  cost  of  placing  and  dealing  with  an  order. 
The  total  cost  of  placing,  say  N  orders  per  annum,  may  sometimes  be  expressed 
as  l\  +  so  that  the  cost  per  order  is  ^  =  (kJN)  +  k^.  This  imphes  that  by 
reducing  the  total  number  of  orders  N,  the  cost  per  order  increases  and  the  ratio 
u  for  al  the  items  therefore  decreases.  We  loiow,  however,  that  as  u  decreases, 
the  function  of  costs  per  unit  becomes  more  sensitive  to  variations  in  batch  sizes, 
and  if  p  remains  unchanged,  the  reorder  range  contracts.  We  must,  then,  do  the 
following: 

(i)  Recalculate  the  optimal  batch  sizes  and  the  reorder  ranges. 

(ii)  Check  whether  the  reorder  quantities  selected  for  the  cheap  items,  which 
caused  the  reduction  in  the  total  number  of  orders,  still  comply  with  the 
new  reorder  ranges. 

3.  Increase  in  the  ordered  batch  sizes  may  result  in  quantity  discounts, 
hence  in  reduction  of  the  costs  c.  This  may  often  offset  any  reduction  in  the 
value  of  u,  caused  by  reducing  the  number  of  annual  orders,  and  the  analysis 
of  this  effect  may  proceed  on  the  lines  suggested  in  Chapter  11,  w^here  the 
question  of  price  breaks  was  discussed. 


^q| 

|Q 


(b) 


Figure  17-4.  Comparing  the  alternatmes  when  Q  units 
are  required  for  an  assetnblg  line*  (a)  One  order  for  Q 
units  T  dags  ahead  of  time*  (b)  Two  orders  for  40  units 
each* 
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Effect  of  splitting  an  order 

There  are  cases  involving  instantaneous  demand  in  which  the  number  of 
orders  per  period  has  to  be  analyzed.  Take  as  an  example  the  supply  of  parts  to 
an  assembly  line  engaged  on  batch  production.  The  parts  are  supplied  to  the 
stores,  say,  at  the  beginning  of  a  period  (Fig.  17-4),  and  the  whole  batch  is  issued 
to  the  line  at  the  end  of  the  period.  Now,  we  know  that  it  would  be  far  cheaper 
to  supply  the  batch  to  the  stores  not  at  the  beginning  of  the  period,  but  as  near  as 
possible  to  the  end,  and  save  in  this  way  the  carrying  costs  for  the  period.  But 
sometimes  this  is  impossible  because  of  scheduling  and  other  commitments. 
Supposing  we  are  faced  wdth  the  following  problem :  Under  what  circumstances 
is  it  worth  our  while  to  split  the  quantity  Q  if  half  of  it  can  be  supplied  at  a  later 
date?  At  present  we  have  one  order  for  quantity  Q,  involving  a  cost  of 


cost  of  order,  carrying 

setting  up,  etc.  costs 


where  C  is  the  cost  of  holding  one  unit  per  day.  If  by  the  new  arrangemerit  the 
second  batch  is  delivered  after  t  days,  the  cost  would  be 

=  +  IQCT  +  IQC{T  -  t) 

The  splitting  of  the  batch  is  worth  w^hile  w*hen 

Vi  >¥2 

^1  —  ^2  “  — ^  4"  iQOT  —  iQC(T  —  t)  '>  0 


or  when 


If  orders  for  delivery  beyond  this  value  of  t  caimot  he  entertained,  it  would 
obviously  not  pay  to  have  two  orders. 


Reorder  Procedure 

The  reorder  procedure  is  evidently  dependent  on  the  stock  control  system  in 
use,  and  we  have  seen  that  even  modifications  to  any  system,  such  as  special 
measures  to  prevent  excessive  piling  of  stock,  may  have  a  marked  effect  on  the 
methods  adopted.  Let  us  now  examine  in  some  more  detail  this  procedure  in  the 
two  common  stock  control  systems. 


Reorder  point  in  the  two-bin  system 

If  the  consumption  were  constant  and  not  subject  to  any  fluctuations,  and  if 
the  replenishment  period  were  fixed  and  reliable,  the  stock  could  be  allowed 
to  dwindle  to  zero  and  the  new  stock  should  be  planned  to  come  to  the  stores 
only  at  that  point  (Fig.  17-5),  If  the  lead  time  between  the  reorder  point  and 
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replenishment  point  is  the  stock  ie¥el  at  the  reorder  point  is  and  the 
consumption  rate  is  a;  then 

Qo  =  (17^) 

and  ^0  is  the  amount  of  stock  in  the  second  bin. 


1st  bin 

Reorder 

level 

Reorder 
f  point 

C 

N.  Reorder 

)  point 

2nd  bin 

1 

j 

Figure  17-5.  IteiJTder  point  in  the  two-bin  sgstem* 


If,  however,  the  demand  forecast  is  a,  with  a  possible  maximum  rate  of 
a(l  +  j8),  the  reorder  point  may  have  to  be  planned  in  such  a  manner  as  to 
allow  the  new  stock  to  arrive  when  the  old  stock  reduces  to  zero  at  the  maximum 
consumption  rate.  From  Fig.  17—6  the  reorder  point  is 

Qq  =  at  =  a(l  +  ^)tQ 


Figure  17-6.  Placing  the  reorder 
point  when  a  higher  rate  of  demand 
is  ea^ected. 


Eunning  out  of  stock  is  avoided  in  this  way.  If  in  actual  case  the  demand  is  only 
a,  the  residual  stock  at  the  point  of  replenishment  is 

or  = 

This  safety  stock  is  caused  by  our  being  unable  to  ascertain  the  demand  rate 
and  the  replenishment  time  accurately.  When  the  normal  rate  a  and  the  normal 
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replenishment  time  occur,  the  safety  stock  has  to  be  carried  over  to  the  nest 
cycle.  The  question  is:  What  safety  stock  should  be  aimed  at?  This  problem 
(following  an  analysis  of  the  loss  function  due  to  uncertainty)  is  discussed  in  the 
next  chapter. 

Reorder  procedure  in  the  cycle  system 

Different  items  in  the  group  may  have  different  consumption  rates  (Fig.  17-7), 
but  if  we  want  to  prevent  stock  piling  or  too  early  depletion  of  stock,  the  length 
of  the  consumption  cycle  must  be  the  same.  Hence, 


Qi ^ Qs 

UjL  ^2  ^3 


(17-6) 


which  is  the  condition  that  we  had  in  multiproduct  batch  scheduling.  We  may 
therefore  use  the  methods  given  in  Chapter  14  to  compute  the  length  of  the 
reordering  cycle  and  reorder  batch  sizes  for  each  product.  A  reorder  range  may 
be  defined  (in  the  same  way  as  the  production  range)  for  each  product,  and 
similarly,  an  economic  reorder  range  may  be  defined. 


Figure  17-7.  Reordering  five  items 
by  the  cycle  system  :  the  consump¬ 
tion  period  must  be  the  same  for 
all  items :  replenishmetif  times  are 
also  equal  in  this  example. 


In  the  solution  for  the  multiproduet  production  schedule,  the  eomput«i 
batch  sizes  had  to  pass  two  tests:  (1)  the  p  test,  to  ensure  that  the  quantity  is 
within  the  defined  range,  and  (2)  the  cycle  test,  to  ensure  that  the  required 
schedule  may  be  matched  by  the  capacity  of  the  plant  In  the  case  of  stock 
control  the  solution  has  to  pass  only  the  p  test.  If  it  does,  the  solution  is  accept¬ 
able.  If  it  does  not,  we  may  do  either  of  two  things: 

1.  Take  out  from  the  group  those  items  that  do  not  conform  to  the  p  test;  in 
other  words,  the  division  of  the  stores  into  groups  is  mainly  guided  by  the 
principle  of  having  products  of  similar  characteristics,  so  that  each  group  is 
ordered  every  cycle  and  all  the  products  are  included  in  the  order. 
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2.  Introduce  shorter  and  longer  cycles  in  addition  to  the  basic  reordering 
cycle.  In  this  way  products  whose  respective  computed  batch  sizes  are  higher 
than  the  upper  limits  of  the  reorder  ranges  could  be  ordered  more  frequently  by 
dividing  each  batch  into  two  or  more  sub-batches.  When  the  time  for  reordering 
of  the  group  comes,  these  products  are  ordered  alongside  the  others  but  only  at 
reduced  quantities,  and  during  the  cycle  period  another  date  for  reordering  is 
fixed  just  for  these  products.  The  length  of  this  short  cycle  depends  on  the 
number  of  sub-batches  in  the  computed  batch  size.  If  the  batch  size  is  divided 
into  two  (and  in  many  cases  this  is  adequate),  the  short  cycle  wiU  be  half  the 
basic  reordering  cycle. 

On  the  other  hand,  products  whose  computed  batch  sizes  are  below  the  re¬ 
spective  lower  limits  of  the  reorder  ranges  could  be  ordered  every  second  cycle, 
so  that  the  ordered  quantities  (which  are  brought  in  this  way  within  the  range 
limits)  would  satisfy  the  demand  for  two  cycles.  The  long  cycle  wmuld  therefore 
have  a  duration  of  two  ordinary  cycles.  To  summarize,  the  group  is  divided  into 
three  subgroups  A,  J5,  and  Cj  and  the  reordering  procedure  is  as  follows: 

Short,  cycle:  order  subgroup 
Basic  cycle:  order  subgroups  A,  B 
Long  cycle:  order  subgroups  A,  B,G 


Figure  17—8.  Reordering  cgcle  when  replenishment  periods 
are  not  equal  but  consumption  periods  are  still  the  same 

Another  complication  arising  from  the  reordering  cycle  is  that  the  replenish¬ 
ment  time  should  be  the  same  for  all  products  if  the  new  stocks  are  to  arrive 
at  the  same  time,  as  in  Fig.  17-7.  This  would  sometimes  be  the  case  when  the 
whole  group  is  supphed  by  the  same  vendor.  Very  often,  however,  replenishment 


Inventory  Control  461 


times  differ,  so  that  the  individual  stock  level  curves  are  displaced  in  time,  as 
shown  ill  Fig.  17-8.  The  consumption  periods  remain  equal:  =  T^=  . . .. 

At  the  reorder  point 

^01  ~  ^02  ~  ^2^02»  etc. 

and  these  quantities  may  be  used  for  control  purposes  in  order  to  check  and 
adjust  time  displacements. 


Effect  of  Uncertainty 

It  was  remarked  above  that  when  all  the  factors  governing  the  behavior  of 
the  system  could  be  accurately  determined,  there  would  be  no  need  to  plan  for 
a  safety  stock  at  all.  The  purpose  of  the  safety  stock  is  to  guard  against  un¬ 
certainty;  first  the  uncertainty  caused  by  variations  in  the  rate  of  consumption, 
and  secondly  the  uncertainty  in  assessing  the  replenishment  time.  At  a  certain 
point  on  the  consumption  curve  a  decision  regarding  replenishment  has  to  be 
made.  This  is  a  typical  situation  in  the  two-bin  system.  K  prediction  regarding 
the  consumption  trend  has  to  be  made  on  the  basis  of  past  data  and  any  avail¬ 
able  information  on  possible  changes  in  demand  in  the  comparatively  near 
future.  Tins  “prediction  point,”  as  it  may  be  called,  should  not  be  selected  too 
far  dovm  in  the  consumption  curve,  lest  not  enough  time  is  left  for  replenishment 
of  stock. 


(q) 


Figure  17-9.  Two  possible  outcomes  of  uncertainty  in  continmo^us  demand, 

(a)  Rate  of  demand  has  been  overestimated. 

Result :  Stock  residual  at  end  of  cycle. 

(b)  Rate  of  demand  has  been  imderestimated. 

Result :  Demand  for  ^2  units  cannot  be  met. 


What  is  the  effect,  or  the  cost,  of  uncertainty?  Figure  17-9a  describes  a 
situation  in  which  the  rate  of  consumption  is  overestimated.  At  point  1,  the  pre¬ 
diction  point,  the  consumption  rate  a  is  predicted,  so  that  the  stock  is  expected 
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to  deplete  at  point  2.  Tiie  actual  rate,  however,  is  smaller,  [%  =  <2(1  ^)], 

and  the  stock  is  really  depleted  at  point  3  (t  days  after  the  prediction  point), 
so  that  a  residual  stock  has  to  be  carried  to  the  next  cycle.  Since 

Q  =  at  = 

the  residual  stock  is 

If  the  cost  of  carrying  a  unit  in  stock  is  Cj  per  day,  the  cost  of  carrying  Qj^  umts 
for  the  next  cycle,  whose  length  is  T,  is 

m  =  mT  (17-7) 

Suppose  now  that  the  rate  of  consumption  is  underestimated  (Fig.  17-9b)  and 
that  the  actual  rate  is  =  ^(1  ■t"  j^)?  where  a  is  the  forecast  rate.  The  stock  is 
actuaUy  depleted  at  point  4  days  after  the  prediction  point),  but  since  pro¬ 
vision  is  made  for  the  new  stock  to  arrive  at  point  2,  we  are  not  able  to  satisfy 
demand  for  a  period  t  —  4.  This  means  that  in  the  case  of  continuous  demand,  a 
stock  of  §2  cannot  be  supplied.  From  Fig.  17-9b: 

^ 

and  Qt  =  Q  ^ . 7" . .  =Q  (7 - l\  = 

h  / 

There  is  a  penalty  attached  to  being  unable  to  satisfy  demand,  but  we  should 
perhaps  distinguish  between  two  situations,  insufficient  supply  to  customers  and 
insufficient  supply  to  the  assembly  line. 

Situation  a:  Insufficient  supply  to  customers 

When  we  supply  to  outside  customers,  we  may  try  in  most  cases  to  assign  a 
flat  penalty  rate  for  each  unit  that  w^e  are  unable  to  supply .  This  penalty  includes 
the  loss  of  profit  for  sales  that  are  not  concluded  and  the  loss  of  good  will  of  the 
customer.  The  first  loss  is  easily  established,  provided  we  know  that  the  custo¬ 
mer  has  decided  not  to  wait  until  new  stock  arrives,  but  goes  and  buys  elsewhere. 
The  loss  of  good  will  is  not  that  easily  determined  quantitatively.  One  customer 
may  perhaps  be  only  slightly  disappointed  at  not  getting  proper  service; 
another  may  be  utterly  disgusted  and  leave  for  good,  or  perhaps  even  take  his 
orders  for  other  products  elsewhere. 

There  is  also  the  factor  of  accumulated  displeasure.  A  customer  may  be 
prepared  to  put  up  with  bad  service  once  or  twice,  but  no  more.  It  is  evident  that 
thorough  and  painstaking  customer  surveys  may  have  to  be  carried  out  in  order 
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to  determine  these  factors.  If  the  penalty  for  not  meeting  demand  is  denoted  by 
c\  ^a,ch  unit  that  cannot  be  supplied,  the  cost  is 

y  2  ~  2  (17--8) 

Situation  b :  Insufficient  supply  to  assembly  line 

When  the  supply  to  an  assembly  line  must  be  continuous  but  we  suddenly 
run  out  of  stock,  the  assembly  may  be  held  up.  Men,  machines,  and  parts  may  be 
kept  idle  until  supply  is  resumed.  In  some  such  cases  the  penalty  may  be  ex¬ 
pressed  as  c\  per  unit  for  each  day  that  demand  cannot  be  met.  Under  these 
circumstances  the  penalty  is 


y  %  —  ^^2^  2(^  ^2) 


1 


21  +  p 


Qc\t 


(17~9) 


The  above  expressions  lead  to  the  following  obvious  conclusions:  First,  the 
higher  the  prediction  point  on  the  stock  depletion  curve,  the  higher  is  the  cost  of 
uncertainty.  Secondly,  this  cost  increases  with  the  actual  deviation  from  the 
forecasted  value  of  the  consumption  rate. 

Comparison  of  replenishment  policies 

In  many  cases  the  predicted  consumption  rate  is  expressed  in  the  form  of  an 
average  expected  value  and  an  assessment  of  variations  that  may  occur. 
SuppK>se  w^e  forecast  a  consumption  rate  of  a(l  4:  ^),  when  the  rate  is  expectei 
to  fall  between  the  two  extreme  limits  within  a  certain  known  confidence  level, 
say,  99  per  cent.  This  means  that  only  in  1  per  cent  of  the  cases  would  the  rate  of 
consumption  be  expected  to  fall  out  of  this  range.  When  1  per  cent  is  considered 
to  be  too  high,  wider  Hmits  at  a  higher  confidence  level  should  be  chosen.  What 
replenishment  policy  should  be  adopted? 

Figure  17-10  shows  this  situation  as  viewed  from  the  prediction  point.  The 
upper  limit  of  the  consumption  rate  is  ^2  =  ^  lower  limit, 

—  a{l  —  Let  us  examine  three  replenishment  policies:  optimistic,  realistic, 
and  pessimistic. 

The  ^^optimistic^^  policy  (I) 

According  to  this  pohcy  we  play  safe,  i.e.,  we  plan  for  a  situation  where  the 
maximum  consumption  rate  occurs,  and  since  we  do  not  want  to  run  out  of  stock, 
replenishment  is  planned  to  take  place  in  ^2  days’  time.  The  average  consumption 
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Figure  17-10.  Analysis  of  three  replenishment  policies. 


rate  expected  is  a,  so  that  on  the  average  a  stock  is  expected  to  remain  rni- 
consumed  vhen  the  new  batch  arrives: 

Q„  t  —  t,  —  a  _  P 

'Q  t  ~  a,  ~  I  +  P 

The  cost  of  thfe  policy,  when  Cj  is  the  cost  of  carrying  one  unit  in  stock  per  day,  is 

=  (17-10) 

The  "realistic’'  policy  (II) 

Here  we  plan  to  replenish  after  t  days,  i.e..  we  take  the  expected  average 
consumption  rate  as  a  guiding  criterion.  If  the  distribution  of  expected  rates  is 
symmetrical  about  the  mean  value  a.  the  chances  that  the  rate  will  be  above  or 
below  the  mean  are  50:50.  When  the  rate  is  below  a,  it  will  on  the  average  be 

a\  =  a(l  —  Po) 

: 

where  p^<  p,so  that  units  have  to  be  carried  in  stock  (andQ\  =  PoQ),  the 

cost  bemg  ^ 

iP,>Qc^T 

The  factor  i  is  introduced  because  consumption  is  expected  to  be  below  the  [ 
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average  for  50  per  cent  of  the  time.  When  the  rate  exceeds  a,  it  will  on  the  average 
be 

a'2  =  a(l  +  ^0) 

and  Q'^  ==  cannot  be  supplied.  The  cost  of  this  occurrence  in  situation  a 
(i.e.,  flat  penalty  rate  per  unit)  is 

and  in  situation  b  (i.e.,  penalty  cost  is  per  unit  per  day), 

^PqQc  1 2) 

Hence,  the  total  cost  of  this  policy  is  expected  to  be: 

For  situation  <2:  yu^  =  IPqQ(c^T  +  c'g)  (17-11) 

For  situation  b:  yuj,  =  iPoQ[CiT  +  lc\{t  —  fg)]  (17-12) 

The  ^'pessiniistic^^  policy  (III) 

Here  take  a  dim  view'  of  life  and  plan  for  replenishment  at  the  lowest 
level,  i.e.,  in  days'  time.  This  policy  definitely  leads  to  running  out  of  stock, 
and  within  the  confidenee  limits,  no  stock  has  to  be  carried  to  the  next  cycle. 
The  average  expected  consumption  is  a  and  on  the  average  the  demand  that 
cannot  be  met  is 

and  the  cost  of  this  policy  is 


For  situation  a\ 


ynia  =  YTTg 


{17-13) 


For  situation  h: 


yiiih  —  -  ^  Qc  2(4  t) 


2\l  - 


(17-14) 


'Which  of  these  policies  is  preferable?  It  seems  that  it  pays  to  be  optimistic 
rather  than  pessimistic,  as  normally  policy  I  is  cheaper. 

For  situation  a:  yi  1  —  ^ 

yiiia  ^'2  1  + 


<1  <1 

(usually) 
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For  situation  b: 


yi  _  c^T  I  (1--  jgf 

_  <  1 

IdS  (1  +ff 

<1  <1 
(tisually) 


Similarly,  the  realistic  policy  is  preferable  to  the  pessimistic  one. 


For  situation  a:  ^5^  =z^  (I  —  ^)~(l  -f-  <  1 

llJJia  P  2  V  c  2  / 


because 


l<i 


l-iS<  1 


For  sitnation  b 


,  ¥m  ^o(I  -jgf 


Fni6 


c’J, 


_  jS,  (I  -  P?  p 

iS  1  +  iS  ■  _ 


^  c\t  2  j8  t 


because 


)8 

(1  -  j8)3 


<  1 
<  1 


l+i3 

1  +  jS  CiT  ^1 
JS  ^  2 

ll  +  ;8i-«',  11  + iS  j8„  l^o+j3|3o^l 

2  i8  e  2  jS  1  +  2  j8  +  i8j8„  2 

Comparison  of  policies  I  and  II  is  inconclusive. 


Situation  a: 


yn»  _  i^o(Ciy  +  c'g) 
Srt  [i8/(l  +  i5)]ci2’ 


>1 


<1 
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Situation  b: 

yi 


¥\(t  -  <^2)] 
im  +  mcxT 


(1  +  /8) 


(1  +  /8) 


)8  2 

iol 
p  2 


I  1 

1  fV 


^0 


2  c^T  1  + 

P  ^0  + 


1  + 

■  c\ 


2c,Tl  +  PP+ 


>i  <1  >1  <1 

The  value  of  c'2/c'i,  c^tjciT  is  important  here.  If  these  ratios  have  a  high 
enough  value  to  offset  the  fraction  policy  I  would  be  cheaper.  In  marginal 
cases  the  distribution  of  expected  consumption  rates  may  also  affect  the  issue. 


Example^ 

For  situation  a  the  cost  ratio  c'JciT  =  10.0,  and  the  consumption  rate  is 
forecast  with  tolerances  of  ±20  per  cent.  Compare  the  costs  of  policies  I,  II,  and 
III  as  indicated  in  Pig.  17-10,  when  the  distribution  of  expected  consumption 
rates  is  (1)  normal,  (2)  rectangular. 


Solution 

We  have  ^  —  0.2.  Comparing  I  and  III: 

^  ~  ^  ^  =  0.067 

ym  c'a  1  +  ^  10  1.2 


Comparing  II  and  III: 


yii 

yni 


^  (1  -  S)  - 
^  ^  ‘^’2 


<8  2 


0.44^ 

j8 


1.  When  the  distribution  is  normal,  the  average  value  of  all  the  consumption 
rates  above  a  is  given  by  (as  shown  in  the  next  chapter) 


Po=- 


>^00  ^0 


9oo  9o 

4>. 

Substitute:  9oo  ==  0;  Ooo  =  hO; 

From  the  Appendix  table:  cpo  =  0.399  0.40 

j8o  =  —  =  0.8 

0.50 


$0  =  0.50 


^  This  example  may  be  deleted  in  first  reading. 
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^=^  =  0' 
^  3. 


{Note:  p  is  taken  as  3.0  for  ±3o-  confidence  limits;  i.e.,  when  in  99.7  per  cent  of 
the  cases  the  consumption  rate  is  expected  to  fall  within  the  forecast  range.) 


Therefore 

^  =  0.44  X  0.27  =  0.119 

yin. 

2.  When  the  distribution  is  rectangular,  the  average  value  of  the  consumption 
rates  above  a  is  or^ 

^=1 

p  2 

ifE.  =  0.44  X  0.5  =  0.220 

ym 

Comparing  I  and  II: 

^  _  0.56 

yn  ynlym  0.119 

2  =  ^  =  0.65 

yn  0.220 

Hence,  poEcy  I  is  by  far  the  best  to  choose  in  this  case. 

This  analysis  merely  compares  three  specific  policies;  it  does  not  tell  us  which 
is  the  optimum  policy,  which  might  lie  between  I  and  II.  The  problem  of  deter¬ 
mining  the  optimal  reorder  quantity  in  the  case  of  uncertainty  is  discussed  in 
the  next  chapter. 

Summary 

When  the  mechanism  of  supply  differs  from  that  of  demand,  a  buffer  stock  is 

required.  It  should  include  a  safety  stock  to  guard  against  any  adverse  effects  of 
uncertainties  attached  to  the  rate  of  supply,  to  the  rate  of  demand,  to  lag  time 
in  ordering,  to  price  fluctuations  of  materials,  etc.  Briefly,  the  inventory  problem 
is:  How  much  to  order  and  when  to  order,  so  as  to  optimize  the  effectiveness  of 
the  store?  If  supply  and  demand  are  linked  together  in  several  stages,  the  output 
of  one  constituting  the  input  to  another  (as  in  a  production  line  or  in  channels  of 
distribution),  i.e.,  any  demand  variation  for  finished  goods  at  the  end  of  the 
line,  triggers  off  a  chain  reaction,  and  the  effect  is  amplified  as  the  wave  travels 
along  the  line.  These  effects  can  be  damped  by  selection  of  an  appropriate  per¬ 
centage  of  safety  stock,  by  proper  directives  in  the  stock  control  system  as  to 
how  to  react  in  cases  of  fluctuations  (often  effective  in  a  centralized  control 
system),  and  (obviously)  by  reduction  of  the  number  of  links  in  the  chain. 

“This  is  the  highest  value  this  fraction  can  attain  with  a  uni-modal  symmetrical 

distribution. 
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Stock  control  systems  are  the  tools  through  which  the  inventory  policies  are 
exercised,  and  some  of  the  common  systems  in  use  (two-bin,  reorder  cycle, 
combinations  of  the  two)  and  their  reorder  procedures  are  described  in  this 
chapter.  The  optimal  reorder  batch  size  and  some  preliminary  considerations  of 
the  effects  of  uncertainties  are  also  analyzed. 
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Problems 

1.  Show  from  Eq.  17-1  that 

and  comment  on  the  conclusions  that  may  be  dravia  from  this  relation. 

2.  It  was  shown  through  Eq.  17—1  that  the  smaller  the  safety  stock,  the  smaller 

the  effects  along  the  pi'oduction  line,  but  from  Tables  17-4  and  17-5  it  would 
seem  that  with  larger  safety  stocks,  the  effects  can  be  damped.  How  do  you 
explain  this  apparent  contradiction? 

3.  With  an  initial  line  output  of  Q  per  period  and  a  demand  impulse  denoted  by  2\ 

find  an  expression  for  the  required  output  at  the  idh  stage  with  safety  stock 
policy  r  under  situations  described  by  Tables  17-5  and  17-6. 

4.  A  production  line  has  three  stages,  apart  from  the  final  assembly  center,  and 

the  inventory  policy  requires  that  safety  stock  be  50  per  cent  of  the  eventual 
output'  at  each  stage,  as  suggested  in  Table  17-6.  The  initial  line  output  is 
100  units  per  period,  the  subsequent  changes  in  demand  being  as  follows: 


Period 

Units 

1 

100 

2-3 

110 

4 

100 

5 

110 

6 

90 

7-10 

100 

If  the  maximum  output  capacity  at  each  stage  cannot  be  raised  above  125 
imits  per  period,  construct  a  table  and  then  plot  the  fluctuations  in  demand, 
outputs,  and  safety  stocks  at  each  stage.  Comment  on  the  safety  stock 
policy,  assuming  that  fluctuations  of  demand  for  the  final  product'  range 
between  90  and  110  units  per  period. 


i>i+. 
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5.  Summarize  the  effects  of  a  demand  impulse  of  the  end  product  on  the  production 

line  and  indicate  in  what  ways  these  effects  can  be  reduced.  When  this  chain 
reaction  phenomenon  recurs  owing  to  several  stages  in  the  distribution 
channels,  how  can  management  control  the  situation? 

6.  An  investigation  in  a  firm  showed  that  a  considerable  number  of  items  were 

ordered  25  per  cent  in  excess  of  the  minimum-cost  batch  size.  The  financial 
manager  said  it  was  a  disastrous  situation,  as  the  cost  per  unit  increased 
thereby  by  25  per  cent  and  the  firm  could  not  face  the  severe  competition  in 
the  market.  The  store  superintendent  claimed  that,  since  the  stock  control 
was  based  on  the  two-bin  system,  it  was  virtually  impossible  to  reduce  the 
size  of  the  ordered  batches  without  drastic  changes  in  the  control  system. 
He  suggested  that  these  changes  would  cost  far  more  than  the  anticipated 
saving.  Furthermore  he  thought  the  estimate  given  hy  the  financial  manager 
about  the  exce^ive  costs  per  unit  was  exaggerated.  What  comments  can  you 
offer? 


Demand  from  a  general  store  for  a  certain  item  fluctuated  between  4,000  and 
8,000  units  per  week,  and  data  for  accumulated  demand  in  the  past  is  sum- 

marized  in  the  following  table: 

Demand  above  4,000  units  per  w^k 

100%  of  the  time 

4,500 

90% 

5,000 

79% 

5,500 

64% 

6,000 

50% 

6,500 

22% 

7,000 

8% 

7,500 

8% 

8,000 

0% 

The  cost  per  unit  may  be  adequately  expressed  by 

r  =  0.80  +  360  Q-^  +  10-^^  dollars 

where  Q  is  the  ordered  batch  size,  which  has  so  far  been  6,000  units  per  week. 
Since  there  have  been  so  many  complaints  that  the  store  is  running  out  of 
stock  far  too  often,  management  has  decided  to  review  the  situation.  What 
batch  size  would  you  recommend  if  the  following  restrictions  are  to  be 
satisfied: 

(i)  The  cost  per  imit  should  not  exceed  the  minimum  possible  costs  by 
more  than  0.5  per  cent. 

(ii)  Level  of  satisfaction  should  not  be  belov?  90  per  cent  (i.e.,  in  90  per 
cent  of  the  cases  demand  can  be  met). 

(iii)  The  maximum  capacity  of  the  store  is  7,500  units. 

8.  A  stock  control  system  has  the  follo'wing  features:  There  are  ten  products  in 
the  store  and,  by  pr^ent  practice,  three  months’  supply  of  each  product  is 
ordered  w'hen  the  quantity  on  hand  of  that  product  reaches  the  reorder 
point,  Tlie  demand  is  fairly  uniform,  with  no  se-asonal  .fluctuations,  so  that 
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four  orders  per  year  are  required  for  each  product.  Data  are  given  in  the 
accompanying  table. 


Data  on 

the  Products 

Product  No. 

Annual  Usage 

Order  Size 

Average  InveiUory* 

1 

$  2,000 

$  500 

%  300 

2 

$  3,000 

$  760 

$  450 

3 

$  5,000 

$  1,250 

$  750 

4 

$  6,000 

$  1,500 

$  900 

5 

$20,000 

$  5,000 

$  3,000 

6 

$28,000 

$  7,000 

$  4,200 

7 

$30,000 

$  7,500 

$  4,500 

8 

$45,000 

$11,250 

$  6,750 

9 

$48,000 

$12,000 

$  7,200 

10 

$80,000 

$20,000 

$12,000 

*  Average  inventory  is  based  on  the  policy  that,  at  replenishment  point,  a  safety  stock 
of  10  per  cent  of  the  order  quantity  is  held. 

The  cost  of  one  order  is  |5.00  and  interest  charges  are  12  per  cent. 

(i)  Is  this  a  two-bin  or  a  reordering  cycle  system?  Why? 

(ii)  What  recommendations  for  changes  in  this  system  would  you  make? 

(iii)  If  management  decides  to  have  a  reordering  cycle  system,  explain  how 
the  theory  of  multiproduct  scheduling  for  maximum  return  could  be 
used  for  this  control  system. 

9.  A  store  has  10,000  items,  and  replenishment  is  based  on  the  two-bin  system 
aiming  at  minimum  costs  per  unit.  On  the  average,  each  item  is  ordered  five 
times  a  year,  and  the  total  cost  of  placing  orders  amounts  to  150,000  a  y^. 
We  may  assume  that  the  cost  per  order  is  the  same  for  all  items.  Furthermore 
the  history  of  the  firm  in  recent  years  suggests  that  the  total  annual  <xislB  of 
placing  orders  follows  approximately  the  linear  explosion  18,0CM)  -|-  0.8i^ 
dollars,  where  N  is  the  total  number  of  orders  per  annum.  A  breakdown  of 
the  orders  by  value  of  goods  is  given  in  the  accompanj/ing  table. 

Class  1 :  each  of  20%  of  the  orders  is  for  less  than  $10  worth  of  merchandise 
Class  2:  each  of  38%  of  the  orders  is  for  $10  20  worth  of  mercfaandi^ 

Class  3:  each  of  14%  of  the  orders  is  for  $20  ^  50  worth  of  merchandise 

Class  4:  each  of  10%  of  the  orders  is  for  $50  -i-  lOO  worth  of  merchandi^ 

Class  5:  each  of  10%  of  the  orders  is  for  $100  -i-  500  worth  of  merchandise 

Class  6:  the  remainder  of  the  orders  is  for  more  than  $500  each 

Comment  on  the  reorder  system  used  at  present  and  su^p^t  in  what  ways 
it  can  be  improved.  Wbat  further  data  would  you  require  and  how  would 
you  use  the  data  to  determine  what  modifications  should  he  re<x}nim<®d^l 

10.  A  repair  garage,  specializing  in  a  limited  number  of  makes,  maintains  a  spare- 
parts  store,  which  is  designed  to  supply  the  immediate  requirem<mte  of  the 
various  departments.  Repairs  are  generally  classified  in  thr^  cat^ori^: 

Class  1 :  repairs  amounting  to  less  than  2  hours  work 
Class  2:  repairs  amounting  to  between  2  and  12  hours  work 
Class  3;  repairs  amounting  to  more  than  12  hours 
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It  is  the  policy  of  the  garage  management  to  finish  each  job  as  soon  as  possible 
so  that  the  aiitomobile  owner  does  not  have  to  wait  too  long,  and  this  policy 
was  formulated  as  follows: 

Automobiles  belonging  to  cla^  1 :  should  be  ready  within  4  hours  of  their 

entry  to  the  garage 
clai^  2:  within  2  days 
class  3:  ilsually  within  1  to  5  days 

As  orders  for  these  spares  normally  require  a  lag  time  of  about  24  hours,  it 
has  been  often  found  necessary  to  send  somebody  on  a  special  errand  to  get 
parts  when  classes  1  and  2  repairs  are  involved.  Explain  in  detail  what  data 
you  would  look  for  in  order  to  analyze  the  situation,  and  suggest  a  suitable 
stock  control  system. 


11.  If  the  annual  consumption  of  a  commodity  is  A  and  the  cost  of  placing  an 
order  is 

s  =  kn~i 

where  n  stands  for  the  number  of  orders  per  year,  and  I:  is  a  constant,  show 
that  the  optimal  reorder  batch  for  minimum  costs  per  piece  is  given  by 


12.  If  the  allowable  increase  in  costs  per  unit  is  given  as 


find  an  expre^ion  for  q  as  a  function  of  u  and  i. 

13.  A  stock  of  Q  components  must  be  available  at  a  certain  date  for  the  a^embly 

line.  The  available  procurement  period  is  T  days  before  the  dead  line.  There 
are  three  alternatives  for  building  up  this  stock: 

(i)  Getting  the  whole  batch  of  Q  components  into  the  store  T  days  before 
the  dead  line 

(ii) _  Getting  half  the  batch  at  *—  T  days  and  half  the  batch  at  —iT  days. 

(iii)  Splitting  the  batch  into  three  and  getting  each  lot  at  —T  days, 

—  days,  and  —^T  days. 

Find  the  cheapest  method  by  comparing  the  costs  incurred  by  each  method, 
when  the  total  carrying  costs  per  piece  in  the  store  are  G  per  day. 

14.  In  the  preceding  problem,  the  vendor  is  prepared  to  deliver  half  the  order  at 

—  T  days  and  split  the  rest  into  equal  quantities,  spread  evenly  during  the 
period  —  JT  to  0. 

Find  the  cheapest  method  for  the  stores  by  splitting  the  batch  into  »  lots, 
and  draw  characteristic  curves  to  which  the  purchasing  department  can  refer 
on  future  similar  occasions. 
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15.  A  certain  component  is  used  for  an  assembly  line  and  is  ordered  so  that  Q  tmits 

are  held  in  stock  T  days  before  assembly  b^ins.  The  safety  stock  is  20  per 
cent  of  Q,  and  it  was  specified  by  the  chief  production  engineer  that  on  no 
accoimt  should  the  stock  during  the  period  —  T  to  0  be  below  Qq. 

(i)  After  reviewing  this  situation,  an  industrial  engineer  has  suggested 
that  if  only  Qq  were  received  &t  —T  and  the  balance  at  a  later  date, 
he  could  achieve  a  substantial  saving  in  costs,  in  spite  of  the  additional 
setup  costs  involved.  He  claims  that  this  saving  amounts  to  60  per 
cent  of  the  present  carrying  costs.  Can  you  substantiate  this  statement? 

(ii)  The  industrial  engineer  has  been  told  that  his  plan  is  not  practical 
because  it  is  impossible  to  get  the  second  lot  at  the  time  he  has  speci¬ 
fied.  However,  the  management  thinks  highly  of  his  scheme  and 
should  like  him  to  state  a  limiting  situation  at  which  the  second  lot 
does  not  lead  to  a  loss,  as  well  as  plot  a  curve  showing  the  saving  as  a 
function  of  time  between  the  limiting  situation  and  the  best  one.  Can 
you  comply  with  this  request? 

16.  A  stock  Q  is  required  for  the  a^embly  line  in  T  days*  time.  Two  schemes  are 

suggested:  (a)  order  and  receive  Q  immediately  so  that  Q  units  will  be  held  in 
stock  for  T  days  and  then  issued  to  the  shop;  (b)  order  the  quantity  Q  in  n 
equal  batches  to  be  received  every  Tjfi-  days,  the  firat  batch  to  be  received 
immediately;  each  order  incura  a  cost  s. 

(i)  \¥hen  is  scheme  (a)  less  costlyl 

(ii)  For  what  value  of  n  does  the  changeover  from  scheme  (a)  to  scheme  (b) 
yield  the  maximum  saving?  If  this  opt.imai.  ii  do^  not  happen  to  a 
whole  number,  how  would  you  decide  which  of  the  two  neighboriag 
whole  numbers  to  select? 


18' 

SOME  FURTHER  CONSIDERATIONS 
OF  QUANTITY  CONTROL 


It  was  pointed  out  in  the  last  chapter  that  quantity  control  of  inventories 
requires  detailed  study  in  view  of  the  many  uncertainties  involved.  There  may  be 
random  variations  in  the  consumption  rate  and  in  the  time  required  for  replenish- 
mentj  and  combinations  of  these  factors  alone  may  cause  serious  deviations  of 
the  stock  at  the  point  of  replenishment  from  the  anticipated  level.  The  ordered 
batch  may  also  be  subjected  to  variations  in  size:  One  quantity  may  be  ordered 
and  another  one  actually  received,  the  discrepancy  being  due  either  to  mistakes 
or  disturbances  at  the  vendor’s  depot  or  to  rejection  of  products  by  quality 
inspection. 

In  the  midst  of  these  uncertainties,  we  'want  to  try  to  outline  a  policy  for 
controlling  the  level  of  stocks;  "we  want  to  specify  how  much  'to  order  and  when 
to  order;  and  we  want  our  policy  to  yield  optimum  resul'fr  as  Judged  by  the 
criterion  through  which  we  measure  the  effectiveness  of  our  performance. 
]R.ichard  Bellman  summarized  the  inventory  problem  very  aptly: 

\Te  possess  various  quantiti^  of  different  items  for  which  there  is  a  demand  of 
stochastic  nature  from  time  to  time.  Since  there  is  a  penalty  of  some  type  attached 
to  not  being  able  to  satisfy  this  demand,  at  various  stages  additional  quantities  of 
the^  items  are  ordered,  at  costs  dependent  upon  types  and  quantities  ordered,  the 
times  of  ordering,  the  rate  of  delivery  d^ired,  and  other  factors  as  well.  The  problem 
is  to  determine  the  ordering  policies  which  are  optimal  with  respect  to  pre-a^igned 
m^easures  of  efficiency.^ 

In  quantity  control  of  raw  materials,  components,  and  semifinished  products, 
we  normally  wish  to  minimize  the  cost  of  holding  inventories.  In  stock  control  of 
finished  products  for  sale,  we  often  select  maximization  of  profit  as  our  yardstick. 

First,  we  have  to  study  the  distribution  of  variables  that  affect  the  inventory 
control  system  and  express  in  a  probabilistic  form  our  expectations  of  the  be- 
liavior  of  the  system.  We  can  then  try  to  build  an  inventory  model  and  proceed 

^  Hiis  chapter  may  be  omitted  oa  first  reading. 

*  Management  Science,  October,  1958,  p.  139. 
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to  find  the  value  of  the  variables  at  the  point  of  optimum.  This  model  need  not 
always  be  a  mathematical  one.  The  number  of  variables  is  sometimes  too  large 
and  the  distribution  too  awkward  to  be  easily  expressed  in  simple  algebraic 
forms,  so  that  simulation  methods  may  become  preferable. 

In  the  absence  of  a  general  all-purpose  inventory  model,  we  shall  first  analyze 
two  models ;  one  for  continuous  demand  and  the  other  for  instantaneous  demand 
when  the  form  of  the  demand  distribution  is  not  specified.  We  shall  then  proceed 
to  examine  the  special  case  of  stocking  perishable  goods  for  a  normal  distribu¬ 
tion  and  some  aspects  of  apportioning  problems. 


Mathematical  Comments  on  Notations  and  Derivations 
Before  we  proceed  with  the  analysis  of  the  loss  function,  it  w^ould  be  useful  at 
this  stage  to  introduce  several  notations.  If  /  (D)  is  the  probability  density 
function  of  demand,  then  the  probability  that  a  quantity  up  to  Q  will  be  required 

is 

f^f(D}  dD=  F  (18-1) 

The  total  cumulative  probability  of  demand  is 

^JiD)  dD  =  1  (18-2) 


Therefore  the  probability  of  demand  for  quantity  I)  when  D  >  Qis 

j^f(D)  dD  =  ["/(!>)  dD  -  j^f(D)  dD=l-F  (18-3) 


Another  function  we  shall  encounter  is 

=  Fi 

Jq  d 


(18-4) 


An  expression  describing  the  first  moment  of  the  distribution  function  is 


Df{D)dD=  F._  (18-5) 

The  mean  value  3  of  the  distribution  is  given  by  the  definition 

j"Df(D)dD  =  D  (18-6) 

Hence  Df(D)  dD  =  D  —  F^  (18-7) 

Tke  following  derivations  are  given  without  proof,  which  may  be  sought  in 

suitable  texts  on  calculus: 


^j^f{x)dx=f{b) 


(18-8) 
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db  I  db  -f (6) 

(1^9) 

=  6/(6) 

(18-10) 

■^j^bf(x)  dx  =  j^f(x)  dx  +  6/(6) 

(18-11) 

^  £■  bYix)  dx  =  26  j^flx)  dx  +  6^/(6)  (18-12) 

The  Cost  of  Uncertainiy  for  Coiitimio.'iis  Bemaiii 
Suppose  we  have  continuous  demand  and  we  start'  vith  a  stock  Q  (see  Fig. 
18-1).  It  is  planned  to  replenish  the  stock  after  a  period  T.  The  demand  is  D, 
with  a  probability  density  function  f(D),  l^Tien  D  <Q.  &  stock  Q  —  D  is  left 


Figure  18-L  Sfocfe  pmtienm  im  emmimmmms 

demands 


over  to  be  carried  during  the  next  cycle  at  a  cost  of  q  per  unit  per  day.  The 
average  stock  during  the  cycle  is  (?  -  |i);  hence  the  carrj-ing  cost  for  the  ease 
D  ^  Qis 
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Situation  a 

When  D  >  Q,  the  number  of  units  that  cannot  be  supplied  is  D  —  Q,  and  the 
penalty  for  each  unit  is  c'^.  The  average  stock  during  the  time  t  is  |Q.  The  cost 
for  D  >  Q  is 


r®r  < 

JQ  L 


■t  +  c\(D~~Q)  \f{D)dD 


j 


or 


J'*sx>  r" 

Q  L 


<h^T  +  c'^{D-Q)  f{D)dD 


when  tjT  —  QfD  is,  substituted.  The  total  cost  function  is,  therefore, 

C  =  c,T  f  (Q  -  iD)f(D)  dD  +  hT  ["  g  SiD)  dD 


Jo 


jQ 


or 


where 


+  c',J“(i)-0/(i>)  dD 

n  tQ  1  rQ  1 

Jq 

€,T 


(18-13) 


roo 


+  Df(D)dD~  QfiD)dD 
Jq  *>  Q 


(18-14) 


The  quantity  that  should  be  ordered  to  minimize  costs  corresponds  to  (MJ I dQ  =  0. 
Hence 

dD  +  ^mQ)  -  ^iQm  + 


=j? 


-  QfiQ)  -  J”  nm  dD  +  Qm  =  o 

- . ^ 

=i-i? 

-  (1  -  J-)  =  0 
1-  F  —  ej^F 


Q  = 


(18-15) 


Situation  b 

If  the  penalty  per  unit  is  c’^  per  unit  per  day,  the  cost  incurred  when  D  >  Qia 
[<h|  t  +  c',  {T  -  f)J/(D)  dD 
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He  total  cost  function  in  this  situation  is,  therefore. 


0  =  -  I  ■D)/(-D)  dD  +  r g/(B)  dD 


+c\Tr 

JQ 


(-P  -  Q)^ 

2D 


Jq  ■ 

f(D)  dD 


(18-16) 


This  cost  is  a  minimum  when  dCjdQ  =  0.  If  now 

e  —  ^ 

'^2  —  “ 

we  get  for  dCjdQ  =  0: 


,  /(D)  dD  +  ^^QfiQ)  -  ^  dD  -  ^.QfiQ) 

Jo  2  Jq  D  2 


=  JP 


=F, 


^f(Q)  -  +  Qf(Q)  -r  q£ dD 


=i-i? 


or 


-^f{Q)  =  o 

e^F  +  -  (1  -  D)  +  DJ’i  =  3 

1  -  D  - 


Q 


F-Al  + 


(18-17) 


Profit  maximization  as  a  criterion  for  r&)rder  quantity 

The  foregoing  discussion  of  the  lo^  function  was  detached  from  the  criterion 
of  profit.  This  is  a  common  situation  in  stores  of  a  manufacturmg  enterprise 
where  the  main  consideration  is  satisfaction  of  the  demand  by  the  production 
centers.  It  costs  to  keep  goods  in  the  stores  and  (figuratively  speaking)  it  costs 
not  to  keep  goods  in  the  stores,  when  we  are  in  some  way  penalized  for  failir^ 
to  meet  demand.  The  question  that  we  have  dealt  with  was;  What  costs  more 
and  how  can  the  total  cost  function  be  minimized?  Under  such  circumstances, 
profit  is  not  really  involved  because  it  is  virtually  impossible  in  most  cases  to 
attach  a  profit  tag  to  each  component  that  moves  toward  the  a^embiv  line. 
The  question  of  profit  or  loss  become  a  real  issue  for  the  product  that  has  to  be 
sold  to  customers.  If  the  product  is  sold  during  the  cycle,  a  certain  profit  is 
realized  (say,  z  per  unit),  but  we  still  have  to  bear  the  carrying  costs  and  the 
penalty  costs  when  we  run  out  of  stock.  The  total  profit  is 


Profit  for  B 
units  when 
B<Q 


Profit  for  Q 
TTrnitfi  wfeea 

I)>Q 


C»t  cC 
naterminty 
iaeeil»¥e^ 


(18-18) 
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For  maximum  profit: 

g  -  -  «/(«)]  - 1  -  0 

dO 


or,  for  situation  a. 


and  for  situation  5, 


where,  for  situation  a, 


and  for  situation  6, 


dQ 

djCIc'^)  . 
dQ 

d{OjclT) 

dQ 


=  zil  -  J?-) 


=  S{1  -  -F) 
=  C(1  -  F) 


4^ 


(18-19) 


(18-20) 


By  substituting  dCjdQ  from  the  foregoing  analysis,  we  get  for  situation  a: 


+  e^QF^  -(1-F)  =  S(1  -  F) 

^  (1  -  F)(l  +  D  -  hF  (18-21) 

. .  y - = 

Ml 

This  is  a  similar  expression  to  Eq.  18—15,  which  may  be  considered  as  a  special 
case  of  Eq.  18-21  when  ^  =  0.  It  is  interesting  to  note  that  the  reorder  quantity 
in  this  ease  is  higher  than  the  one  obtained  by  Eq.  18-15;  also  that  the  criterion 
of  TninimnTn  costs  is  not  synonymous  with  that  of  maximum  profit. 

Under  conditions  of  situation  b,  where  the  penalty  is  expressed  in  the  form  of 
c"2  per  unit  per  day,  the  appropriate  value  of  dC/dQ  has  to  be  substituted,  yieldit^ 


e,F  +  €^QF^  -{1-F)  +  QF^  =  C(1  -  F) 


or 


Q 


(1  -  F){1  +  0  -  e^F 


(18-22) 


F-sil  +  *2) 

To  summarize,  the  reorder  quantity  for  continuous  demand  under  the  con¬ 
ditions  described  above  is 

(1  -  E)(i  4-  a  -  -1-?^ 


Q 


BF^ 


(18-23) 
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and  the  coefficients  A,  B  are  given  in  the  accompanying  table. 

Criterion  Situation  a*  Situaiim 

Minimize  cost  due  to  ^  =  0 
uncertainty 

Maximize  profit  ^  >  0 
in  case  of  uncertainty 

*  Situation  a:  flat  penalty  cost  per  unit  that  cannot  be  supplied. 

Situation  b:  penalty  cost  for  stock  run-out  is  per  unit  per  day. 


Combinations  of  situations  a  and  5 

In  some  situations  in  practice  the  penalty  for  not  meeting  demand  may  not  be 
adequately  described  by  either  definitions  a  or  b,  1/^Tien  supply  stops,  immediate 
loss  may  be  incurred  oving  to  stoppage  of  machines  or  a^embiy  lines,  but  some 
accumulative  loss  may  also  result  for  every  day  of  stoppage.  The  cost  per  unit 
that  we  fail  to  supply  may  then  be  expressed  as 


Where  f'  stands  for  the  number  of  days  in  which  demand  cannot  be  satisfied. 
The  total  expected  profit  is  given  by  Eq.  18-18,  and  for  maximum  profit 
by  Eq.  18-19: 


=  zil  -  F) 


where 


O  =  c^T  Qf(D)  dD  -  5C,r  j  -  DflB)  dD 

Jo 


f 


1  r® 

^  Jq 


f(D}dD 


-  Q)f{D)  dD 


After  dividing  by  c'  ^  +  c",^,  we  get 


d[C/(c'a  +  c%r)] 
dQ 


=  eF  +  eQF^  -  -{1  -F)-  -(1  -  F) 

€i  €2 


where 


{18-25) 


so  that  (c/ci)  +  (e/e^)  =  1. 
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If  we  now  denote 


then 


or 


eF  +  QF,e(l  +  ij  -  (1  -  F)  =  ?(1  -  F) 

0  =  ILzZKL+JlzuZ 

eF^[l  -F  (1/e,)] 


(18-26) 


(18-27) 


This  is  the  general  solution,  incorporating  situations  a  and  b  and  the  criteria  for 
minimization  of  costs  (in  which  case  t  =  0)  or  maximization  of  profit.  If  situa¬ 
tion  a  applies,  we  put  cg  — >  oo,  then  e  =  and  expressions  18-15  and  18-21  are 
obtained.  If  situation  5  applies,  we  have  so  that  e  =  eg  and  expressions 

18-17  and  18-22  are  obtained. 


Cost  of  Uncertainty  for  Instantaneous  Demand 
In  discrete  or  instantaneous  demand  a  quantity  D  is  withdrawn  from  the 
store  at  one  time,  as  illustrated  in  Fig,  18-2.  We  assume  here  that  the  cycle 


Q 


Stock  left-over  '  Stock  run-oot 


f 

D 

_1  ® 

Q-D 

^ - f - H 

^ - j - 

Figure  18-2.  Instcmtaimous  demand. 


begins  with  a  batch  Q  and  that  stock  is  replenished  every  T  days.  The  proba¬ 
bility  density  function  for  demand  isf{P)  and  the  quantity  D  is  withdrawn  only 
once  during  the  cycle,  after  t  days  from  the  beginning  of  the  cycle,  t  being  a 
random  variable. 

Cost  function 

The  cost  function  for  situations  a  and  b  is  given  below. 

Sitwcdion  a 

For  Q  >  D,  carrying  Q  units  in  stock  for  first  t  days: 

jyc,tfiD]dD 
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Carrying  the  residual: 

j^{Q-D}c,iT  -t)f(l))dD 

For  Q  <  D,  carr3dng  Q  units  in  stock  for  first  t  days: 

J” Qc^tJiD)  dD 

Penalty  for  not  supplying  I)  —  Q  units: 

l2{D-Q)c'J{D)dD 

The  total  cost  is,  therefore, 

G  =  dD  4-  /"/(D)  dD]  4  c^{T  - 1)  [/^^/(D)  dD 


or 


-  D/(D)  dD]+  c',[j"  D/(D)  dD  -  di>] 

g  +  c^{T  -  4  QW)  -  a/{e)]  -  c's 

-  (1  -  D)  4  Qf{Q)j  =  0 

Cyt  +  Fcy{T  -t)-  c'2(l  -F)  =  0 


-  QfiQ) 


Substitute  =  CjTjc\  and  r  —  tjT: 

€iT  -f  €^F{1  ™  t)  -  (1  -  =  O' 


SitiLotion  b 

0  =  Qcyt  +  Cy{T  -  i)[|;®G/(D)  dD  ^  ^Df(D)  dD] 

+  c\(T  -t)  [J"  D/(D)  dD  -  J“ Qfm  dD] 

For  dCldQ  =  0; 

+  (1  -  t)[c,F  -  (1  -  F)]  =  0 
where  now  eg  =  Cyjc"^.  Therefore 

1  -  (1  + 

1  —  (1  4  €g)T  4  «2 


(18-28) 


(18-29) 


(18-30) 


(18-31) 
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Criterion  of  profit 

If  the  criterion  of  profit  is  adopted  in  the  case  of  discrete  demand,  the  total 
profit  is  given  by  Eq.  18-18,  which  is  maximum  when 


^F) 


Situation  a 

Substitute  — +  e^FQ.  —  t)  —  (1  —  jP) 

dQ 

and  4  =  ? 

C2 

Hence  F  =  ^  ^  ~ 

1  +  C  —  ~f  ^1 

which  includes  Eq.  18-29  as  a  special  case  when  1  =  0. 


(18-32) 


Situation  b 
Substitute 


Hence 


M  =  + (I -(!-*■,] 

jP  =  1  -f  g  —  t(1  +  %) 

1  +  C  —  v(l  +  €2)  “f"  ^2 


(18-33). 


In  the  general  case,  when  the  penalty  for  not  meeting  demand  is  expressed  in 
the  form  Cg  =  c'2  +  per  unit,  the  solution  for  the  optimal  batch  size  can  be 
shown  to  be  at 

F  =  1  +  ^  -  +  (l/gj)]  (18-34) 

1  "T  C  —  €t[1  4"  (1/€2)]  -f  ^ 


where  the  definitions  of  e,  €2  are  given  by  Eq.  18-25.  As  in  the  case  of  continuous 
demand,  the  general  solution  includes  as  special  cases  the  optimal  batches  for 
the  minimum-cost  and  the  maximum-profit  criteria;  namely,  the  solutions  given 
by  Eqs.  18-29,  18-31,  18-32,  and  18-33. 


Stocking  of  Perishables 

Stocking  and  replenishment  of  perishables,  when  the  reordering  cycle  is  used, 
confront  us  with  some  special  problems.  At  the  beginning  of  a  period  the  store  is 
stocked  to  a  certain  level,  and  during  this  period  consumption  takes  place.  If 
we  run  out  of  stock  before  the  end  of  the  period,  any  subsequent  demand  in  that 
period  can  obviously  not  be  satisfied.  If  we  stock  too  much,  w^e  run  the  risk  of 
having  a  residue  in  stock  at  the  end  of  the  period.  This  residue  may  in  some 
situations  be  a  total  loss;  for  instance,  in  such  cases  as  newspapers,  journals, 
foodstuffs,  certain  chemicals,  pharmaceutical  goods,  and  photographic  materials. 
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These  products  are  perishables.  They  carry  their  full  value  throughout  the  cycle 
but  become  virtually  worthless  beyond  a  certain  dead  line.  Some  products  lose 
a  substantial  part  of,  but  not  all,  their  value  when  they  are  carried  over  the 
dead  Hne.  These  may  be  termed  semiperishahles.  Certain  kinds  of  books,  style 
goods,  consumer  goods,  such  as  household  appliances  and  automobiles,  some¬ 
times  spare  parts — all  these  belong  to  the  semiperishable  class. 

Take  the  case  of  an  automobile:  It  will  fetch  its  full  price  as  long  as  newer 
models  are  not  introduced  into  the  market,  but  after  they  appear,  it  becomes 
*'an  old  model’’  and  has  to  be  sold  at  a  reduced  price.  The  life  of  th^e  semi¬ 
perishables  is  often  longer  than  the  inventory  cycle,  so  that  for  several  cycles 
the  carryover  from  cycle  to  cycle  involves  only  carrying  charges,  as  in  the  cases 
discussed  in  previous  sections.  After  a  certain  number  of  inventory  cycles,  the 
product  is  relegated  to  a  lower  price  level,  and  the  difference  between  the  original 
price  and  the  lovrer  price  constitutes  the  loss  due  to  overstocking. 

Example  1 

A  typical  example  in  the  stocking  of  perishables  is  that  of  newspa|»rs  and 
journals.  A  newspaper  can  be  sold  for  the  full  price  printed  on  it  for  one  day 
only.  On  the  day  after,  its  news  has  become  stale,  and  although  it  carries  perhaps 
many  features  and  articles  that  maintain  their  value  for  several  days  to  come, 
the  paper  as  an  article  for  sale  has  become  valueless. 


Daily  demand 


Figure  18-3. 
for  mewspmpers. 


Suppose  that  a  news  agent  had  a  full  record  of  the  demand  f  —  actual  sales 

+  demand  that  he  could  not  meet)  of  a  certain  paper,  as  shown  in  Table  lS-1 : 
the  frequency  of  demand  could  be  plotted  as  in  Fig.  18-3.  The  distribution  in 
this  case  is  quite  close  to  the  normal  one.  The  average  demand  was  found  to  be 
80  papers  a  day  with  a  maximum  recorded  daily  demand  of  95  and  a  minimum 
of  64  papers.  Suppose  the  news  agent  sells  each  paper  for  10  cents  and  has  to  pav 
7  cents  for  each  that  he  orders.  Assuming  that  he  cannot  return  unsold  papers 

(whether  this  is  a  wise  poUcy  from  the  publisher’s  point  of  view  is  another  matter). 
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the  news  agent  makes  3  cents  on  every  paper  that  he  sells,  he  misses  an  oppor¬ 
tunity  to  gain  3  cents  on  every  paper  that  he  cannot  supply,  and  loses  7  cents 
on  every  paper  he  is  unable  to  sell.  How  many  papers,  then,  should  he  order, 
assuming  no  periodical  demand  fluctuations  occur?  He  decided  to  take  the 
average  demand  as  his  order  quantity  (namely,  order  80  papers  per  day),  and  in 
this  way  (see  Table  18-2)  he 

sold  48,242  papers,  yielding  a  profit  of  |1, 447.26; 

was  unable  to  supply  1,215  papers,  losing  a  potential  gain  of  $36.45; 

had  1,198  papers  left  over,  losing  $83.86; 


Table  18-1 


Demand  Record  for  a  Daily  Newspaper 


No,  of  Pap^s 

Preg^uency  of  Demand 

Toted  Nundyer  Bequir&t 

64 

1 

64 

65 

0 

0 

66 

1 

66 

67 

3 

201 

68 

3 

204 

69 

3 

207 

70 

5 

350 

71 

10 

710 

72 

13 

936 

73 

17 

1,2'41 

74 

22 

1,628 

75 

30 

2,250 

76 

35 

2,660 

77 

44 

3,388 

78 

48 

3,744 

79 

47 

3,713 

80 

50 

4,000 

81 

48 

3,888 

82 

45 

3,690 

83 

44 

3,652 

84 

38 

3,192 

85 

32 

2,720 

86 

24 

2,064 

87 

14 

1,218 

88 

14 

1,232 

89 

12 

1,068 

90 

6 

540 

91 

4 

364 

92 

1 

92 

93 

2 

186 

94 

1 

94 

95 

1 

96 

Total 

618 

49,457 

49,457 

Average  demand  == 


=  80.03 


618 
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his  total  gain  being  $1,363.40.  Had  he  decided  to  stock  76  papers  a  day,  he 
would  have 

sold  46,617  papers,  yielding  a  profit  of  $1,398.51; 

been  unable  to  supply  2,840  papers,  losing  a  potential  gain  of  $85.20; 

had  351  papers  left  over,  losing  $24.57; 

thereby  increased  his  earnings  to  $1,373.94.  Admittedly,  the  increase  is  only  by 
about  1  per  cent,  but  the  example  illustrates  how  the  news  agent  could  affect 
the  total  profit  by  adjusting  his  order  quantity  level. 

His  considerations  have  so  far  not  included  any  penalty  for  turning  away 
customers,  Tvhose  wishes  cannot  be  met.  This  point,  naturally,  requires  some 
further  study  to  answer  the  question:  Does  the  fact  that  not  all  customers  can 
be  satisfied  all  the  time  affect  the  pattern  of  demand?  If  it  does  not,  the  demand 
distribution  is  not  expected  to  change  owing  to  i«adjustinent  of  the  onier 
quantity  and  no  penalty  for  dissatisfied  customers  need  be  considered,  hut  if  it 
does  have  an  adverse  effect  on  demand,  this  aspect  should  not  be  overlooked. 
In  some  industries  a  thorough  analysis  to  establish  tMs  penalty  quantitatively 
may  be  called  for. 

Example  2 

A  slightly  different  situation  would  arise  when  our  news  agent  is  compensated 
by  the  publisher  for  unsold  papers.  For  instance,  the  publisher  could  chaise 
the  news  agent  7  cents  for  each  copy  sold  but  only  4  cents  for  each  copy  that  the 
news  agent  returned.  In  this  way  the  publisher  may  ho|^  to  encourage  the  news 
agent  to  order  more  papers  and  thereby  increase  circulation.  The  problem,  then, 
belongs  to  the  class  of  semiperishables,  since  the  news  agent  does  not  lose  al  the 
value  of  the  paper  at  the  end  of  the  selling  period.  Admittedly,  this  is  a  special 
and  perhaps  a  comparatively  simple  case  of  semiperishables,  since  the  goods  are 
not  offered  to  the  public  and  the  leftovers  are  therefore  not  likely  to  affect  the 
pattern  of  demand.  The  reader  will  not  fail  to  notice  that  the  problems  of  the 
news  agent  and  those  of  the  publisher  are  different.  The  news  agent  would 
naturally  welcome  any  reduction  in  the  price  he  pays  for  unsold  papers,  since  in 
this  way  he  can  afford  to  order  more  without  taking  too  high  a  risk.  The  pub¬ 
lisher  is  also  interested  in  larger  orders,  but  only  up  to  a  point.  If  he  does  not 
charge  the  news  agent  anything  for  unsold  papers,  the  latter  would  tend  to  put 
in  orders  equivalent  to  the  maximum  possible  demand  (perhaps  even  higher 
than  that),  and  the  publisher  "would  find  that  he  got  back  large  numbers  of 
papers,  of  which  he  could  make  very  little  use.  Dnless  it  is  definitely  proved  that 
abundance  of  the  papers  on  the  news  stands  does  stimulate  demand,  the  pub¬ 
lisher  will  start  losing  if  he  has  too  lenient  a  policy  toward  the  news  agent.  The 
optimal  policy  of  the  publisher  would  also  belong  to  the  class  of  th^e  problems. 

Throughout  this  discussion,  the  underlying  assumption  has  been  that  we  know, 
or  the  news  agent  knows,  the  distribution  of  demand,  and  having  a^embled  our 
figures,  we  strive  to  define  the  best  course  of  action  that  ought  to  be  taken.  "We 
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Total  48,242  1,210  1,108  46,617  2,840 
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also  assume  that  the  pattern  of  demand  in  the  future  is  not  liable  to  change.  In 
fact,  we  take  the  past  demand  distribution  and  suggest  by  inference  that  it 
represents  the  distribution  in  the  future.  Although  in  many  cases  (especiallT  on 
a  short-term  basis)  this  assumption  is  adequate,  its  limitations  should  always  be 
borne  in  mind. 

Example  3 

There  are  cases,  however,  that  call  for  an  even  higher  level  of  forecasting  and 
evaluation,  especially  'W'hen  direct  data  collection  is  impossible.  Suppose  we  have 
to  build  a  theater  and  a  decision  regarding  its  seating  capacity  h^  to  be  made. 
We  can  construct  our  break-even  charts  to  determine  the  TnlniiTsiim  economic 
capacity  that  need  be  contemplated,  but  that  still  does  not  tell  us  very  much 
about  the  size  that  should  finally  be  adopted.  The  seating  capacity  in  this  case 
is  our  ‘^^order  quantity.’’  Seats  that  remain  vacant  are  analogous  to  left-over 
goods  that  cannot  be  sold.  On  the  other  hand,  if  the  theater  is  full,  the  manage¬ 
ment  is  obliged  to  turn  away  potential  customers,  and  each  customer  represents 
a  demand  for  one  unit  of  commodity  that  cannot  be  suppMed.  The  management 
of  the  theater  collects  a  profit  for  every  seat  or  ticket  sold  but  suffers  a  loss  |due 
to  upkeep,  maintenance,  and  overhead)  for  each  seat  that  remains  vacant.  This 
is,  therefore,  an  inventory  problem  belonging  to  the  class  of  perishaMe  goods, 
with  the  same  seats  constituting  the  fi*esh  stock  as  each  performance  starts. 

Problems  dealing  with  the  size  of  stores,  re^rvoirs,  or  containers  are  also 
essentially  of  this  kind;  some  deal  with  perishables  only,  othere  have  to  incor¬ 
porate  the  question  of  additional  space  required  for  left-overs  or  semiperishables. 
In  all  these  cases,  however,  we  find  ourselves  in  a  vicious  circle:  We  need  the 
theater  or  store  to  find  the  demand  distribution,  but  we  need  the  demand  distri¬ 
bution  to  determine  the  required  capacity.  Sometimes  it  is  possible  to  suggest  an 
interim  solution  for  the  capacity  and  modify  the  building  at  a  later  stage  when 
enough  data  have  been  collected  and  analyzed,  but  in  most  ea^ses  it  is  necessary’ 
to  infer  from  existing  stores  the  form  of  expected  demand  distribution,  on  which 
determination  of  size  has  to  be  based. 

The  desirable  capacity  of  modes  of  transportation,  such  as  trains,  trucks, 
buses,  or  ships,  or  the  capacity  of  each  of  a  number  of  storehouses,  conipartinents 
in  a  silo,  etc.,  is  also  allied  to  this  problem,  but  apart  from  the  optimal  size  of 
each  unit,  it  is  necessary  in  most  of  these  problems  to  determine  the  number  of 
units  required.  A  t^^pical  industrial  problem  belonging  to  this  class  would  be: 
determining  the  capacity  of  each  machine  and  the  number  of  machines  required 
to  cater  to  a  given  distribution  of  loads.  This  problem  is  somewhat  more  com¬ 
plicated  than  the  one  discussed  above  and  is  beyond  the  scope  of  this  work. 

Optimal  Order  Quantity  for  Mormal  Denied  Distributioii 

For  the  purpose  of  our  analysis  we  may  start  by  looking  upon  perishables  and 
semiperishables  as  belonging  to  the  same  category.  For  any  leftovers  at  the  end 
of  the  period,  there  is  a  penalty  or  a  loss  Cj  per  unit.  In  the  case  of  perishables, 


490  Production  Planning  and  Control 

would  be  equivalent  to  the  full  value  of  the  product,  including  storage  costs. 
In  the  case  of  semiperishables,  would  be  only  that  part  of  the  full  value  which 
is  lost  when  the  product  is  transferred  to  the  next  cycle.  Thus  perishables  and 
semiperishables  differ  in  the  numerical  value  attached  to  the  penalty  Cj. 

There  is,  however,  a  fundamental  difference  between  the  two  groups.  In  the 
case  of  perishables,  the  leftovers  are  simply  scrapped  and  the  stock  level  at  the 
beginning  of  the  period  is  equal  to  the  reorder  quantity.  In  the  case  of  semi- 
perishables,  the  stock  level  at  the  beginning  of  the  period  consists  of  the  reorder 
quantity  and  the  residue  from  the  preceding  period.  The  old  stock  also  affecte 
the  sales  of  fresh  stock  during  the  new  cycle,  and  thereby  the  profit.  If,  for 
example,  an  appliance  of  an  older  model  is  sold  to  a  customer  at  a  reduced  price, 
it  may  be  done  at  a  risk  of  not  selling  him  a  new  model,  which  would  have 
fetched  the  full  profit.  Thus,  w^lule  it  is  probably  true  to  say  that  the  consump¬ 
tion  of  old  stock  is  partially  an  addition  to  the  normal  demand  (being  inspired 
by  the  attractive  low  prices),  the  actual  sales  of  new  stock  may  be  redumi 
because  of  competition  from  old  stock.  Reduction  in  sales  of  new  stock  results 
in  a  larger  residue  at  the  end  of  the  cycle,  i.e.,  in  a  larger  amount  transferroi 
as  old  stock  to  the  next  cycle.  Such  a  situation  calls  for  an  analysis  of  the 
quantitative  effect  of  old  stock  on  profit  and  on  reorder  quantities. 


Figure  18—4.  Devnand  follo'WiMg  tfe® 
normal  distribution* 

I>=MeaD.  demand 
Q  =  Reorder  batch 
X)i=Mean  demand  value  that  can 
satisfied 

D2=Mean  demand  value  that  cannot  be 
satisfied 


Minimizing  loss 

Suppose  that  the  distribution  density  function  for  demand /(D)  is  known,  the 
mean  demand  being  D.  If  we  plan  to  reorder  Q  (see  Fig.  18-4),  the  probability 
that  demand  will  be  below  Q  is 


dD  =  F 
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and  the  probability  that  demand  cannot  be  satisfied  {D  >  Q)m 

llf{D)dD=l^F 

If  the  average  demand  for  D  <  Q  m  the  number  of  units  expected  to  remain 
in  stock  at  the  end  of  the  period  is  When  is  the  io^  per  unsold 

unit,  the  expected  loss  for  (Q  —  Df)  units  is 

F(Q  ^i)^i 

If  the  average  demand  for  D  >  Q  is  D2,  the  number  of  units  that  cannot  be 
supplied  is  expected  to  be  (1  —  F)(D2  —  Q)y  and  if  the  loss  per  each  unit  that 
cannot  be  supplied  is  Cg,  the  expected  loss  for  D  >  §  is 

{1~-F)(D2-~Q}c, 

Hence,  the  total  loss: 


C=F(Q~-  +  (1  ~  F){D2  ~  Q)c2 

where  Dj_,  can  be  evaluated  (when  the  probability  deimty  function  is  known) 


by: 

A  dD  =  J®  DfiB)  dD 

(18-3i} 

and 

D,  J"/(D)  dD  =  J"  DfiD)  dD 

(18-37) 

Let  us  take,  for  example,  the  case  when  demand  may  be  described  by  the 
normal  curve,  so  that 


/(i>)  = 


crV27r 


-K^r 


(18-^1 


where  a  is  the  standard  deviation.  Case  studi'^  in  industry  have  shown  that  the 
normal  distribution  can  often  be  taken  as  an  adequate  approximation  to  d^cribe 
the  demand  pattern.  When  we  denote 


then 


where 


f{D)  = 

a 


9W 


1 


.e-ii* 


(18-39) 


and  the  eunmlative  probability  to  have  a  value  f  ^  ^ 

Oj  =  r  cfdi=  ^  -  f 

J-oo  V  27r 

9  and  O  are  extensively  tabulated  in  books  on  statistics  (s^  also  Appendix). 


(18-40) 
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Although  theoretically  the  normal  distribution  function  extends  from  — oo  to 
+CX)  (thus  including  some  absurd  demand  values),  it  is  still  a  very  useful  model 
to  use,  since  within  the  range  of  from  the  mean  value  (i.e.,  t  =  ifc3),  we 
have  99.7  per  cent  of  the  total  area  under  the  curve.  Provided  D  >  3cr,  the 
negative  portion  of  the  curve  is  so  small  that  it  may  be  neglected.  We  may 
therefore  use  the  values  of  €>  as  derived  from  tables  (e.g.,  the  Appendix)  and 
not  worry  too  much  about  the  fact  that  ^  is  the  cumulative  probability  from 
— 00,  whereas  we  are  actually  interested  in  the  cumulative  probability  from  § 
(the  demand  being  alvrays  positive) : 

p  <!)  =  o 

D 

o 

Hence  the  loss  is 

c  =  0{(3  -  Di)ci  +  (1  -  0)(i>2  -  QYt  (18-41) 

In  order  to  find  Dj,  suppose  we  have  two  ordinates  on  the  normal  curve 
and  we  have  to  find  the  average  value  between  the  two  limits  (see  Fig.  18-5). 


This  average,  csall  it  t„,  is  related  to  the  abscissa  of  the  center  of  gravity  of  the 

area  between  1  and  2: 


or 


"‘V^X  V^X 


By  definition  I  '  e-H'dl  =  P  —  P 

V  277  J4  ■\/27rL  J-<)0 
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2TrJ(i 

=  O2  -  0)^ 

tmi^i  -  <l>i)  =  P«e-i‘’di 
V  2TrJti 

=  -2=  Pe-»*‘d(ii^)  =  -  -2re-i*I-e-i^ 

V2-n-Jt,  V^L 

=  —(92  —  9i) 


or 


tr.  = 


92  —  9i 
O-  — 


(18-42) 


To  find  the  average  for  D  <Q,  we  have  to  look  at  the  position  of  the  normal 
curve  from  — co  to  Q;  i.e.,  ipi  =  0,  <I)j  =  0,  or 


Di  —  D 


9 

¥ 


J)  ~  J) - -  O' 

1  d) 


(18^) 


Similarly,  for  D  >  Q,  we  hare  the  two  limits  at  Q  and  4-oo,  so  that  o »  =  0, 
=  1,  and 

9 


1  -  €> 


or 


D^  =  D  +  - 


cl> 


|18-44| 


By  substituting  Eqs.  18-^3  and  1.8-44  into  the  loss  function,  Eq.  18-41,  we  get 

c  =  <D  -  -D  -f- 1  v^Ci  -F  (1  -  <6)  +  ^--^a  -  oj  Cj  (18-45) 

If  now  we  denote  (  Q  —  D)/or  =  t,  then 


(18^) 


We  define  a  function 


=  m  +  [9  -  f(l  -  <D)]c2 

=  — Cgf  -f-  (9  + 

^=2 


(18-47) 
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Hence  ^  — I  4-  (9  +  <^t){l  +  c)  (1^-48) 

where  c  =  —  (18-49) 

where  €  is  the  cost  ratio  for  the  two  types  of  losses  that  we  may  expect,  and  ite 
numerical  value  will  naturally  affect  the  loss  function  E.  Pot  the  special  case 
€  =  0  (i.e.,  c-i  =  0,  meaning  that  we  do  not  lose  anything  by  having  surplus  at 
the  end  of  the  period;  for  instance,  in  some  cases  where  we  have  the  option  to 
return  unsold  goods  to  the  vendor  without  loss  to  ourselves) : 

=  t{l  -  €>)  (18-48a} 

and  in  the  special  case  €  =  1  (i.e.,  q  =  meaning  that  the  loss  per  unit 
remaining  in  stock  is  the  same  as  the  loss  per  unit  that  we  are  unable  to  supply): 

=  __l  4.  2(9  4-  (18-4815) 

In  cases  where  0  <  €  <  1,  the  loss  function  E  would  be  between  E^  and 
Figure  18—6  gives  values  for  E  in  terms  of  I  with  £  as  a  parameter.  There  are, 
however,  cases  where  the  lo^  per  unsold  umt  is  higher  than  the  loss  per  un- 
supplied  one,  i.e.,  €  >  1. 


f 


Figure  18-6.  The  cost  function  E,  (From  S.  Eilon, 
“  Inventory  Control :  A  Problem  in  Stocking  Perishable 
Gk>ods,”  The  Production  Engin^r,  April  1960) 


What  Q  should  be  planned  in  order  to  reduce  the  expected  loss  function  to 
minimum?  C  is  minimum  when  E  is  minimum;  i.e.,  when 


The  solution  is  shown  in  Kg.  18—7.  This  is,  in  fact,  a  special  case  in  instaiitan«3iis 
demand.  A  quantity  D  is  required  during  the  cycle,  and  since  no  carrying  or 
storage  costs  are  charged  as  a  function  of  the  time  the  gocxis  slay  in  stor^,  we 
may  regard  the  consumption  as  a  single  withdrawal  at  the  beginning  of  the 
cycle.  Expression  18-50  is  therefore  obtainable  firom  Eq.  18-29  when  t  =  0. 


f 

18-7.  Optimum  solution  for  stocking  of  perisSmble 
goods,  (From  S.  Eiloa,  ‘"Inventory  Control:  A  Problem  in 
Stocking  Peiisbabl©  Goods,**  Tbe  Production  Engineer,  April 
1960) 
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Maximiziiig  profit 

SimUarly,  it  can  be  shown  that  if  maxinium  profit  is  the  desirable  objective 
in  stocking  of  perishables,  the  optimal  reorder  quantity  is  given  by 

®  ^  ^  {18-50a) 

1  -f  ^  +  € 


where  ?  =  ’/c,  and  3  is  the  difference  between  the  sales  price  and  cost  of  acquisi¬ 
tion  per  unit  (the  reader  can  derive  this  solution  as  an  exercise).  The  optimal 
solution,  Eq.  18-50,  is,  therefore,  a  special  case  of  Eq.  18-50a,  obtained  when 
1  =  0.  Figure  18-7  may  stfil  be  used  for  this  case,  since 


except  that  e  is  replaced  by  e/(l  -f  Q 

The  probable  demand  for  a  product  is  given  by  a  normal  distribution  mth  a 
mean  expected  demand  of  1,000  units  during  the  period  and  a  standard  deviation 
of  80  units.  If  the  loss  per  unsold  unit  is  $1.04  and  the  loss  per  unit  that  cannot 
be  supplied  is  S8.00,  what  quantity  should  be  ordered  to  minimize  loss  and  what 

is  tfie  co^st  for  this  case? 


Sduiiom 


Cl  =  $1.04 

c,  =  $8.00 


The  optimal  polcy  is  at 


1  +  €  1.13 


=  0.885 


^200^ 


100 

1000 


1J00  1200 

Q  (units) 


Figure  18-8.  An  eooample  to  iUm- 
trate  how  the  eost  function  C  vanes 
with  the  reorder  hatch  Q» 
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This  value  of  O  corresponds  to  (from  tables,  see  Appendix): 

t  =  1.2 


Q.=  D  +  t<T=  1,000  +  1.2  X  80  =  1.096  1,100  units 

The  cost  of  this  policy  is 

C  =  cr[ — +  (<p  +  -f-  C2)] 

Trom  the  Appendix  table,  9  =  0.194. 

C  =  80[— 8.00  X  1.2  +  (0.194  +  0.885  x  1.2)(1.04  -f  8.00)] 

=  $140 

This  cost  increases  quite  appreciably  as  deviations  from  the  optimal  poMcy 
increase  (see  Fig.  18-8). 

I>eterinimng  the  level  of  satisfaction 

The  main  difficulty  in  practice  is  to  assign  a  value  to  C2-  As  mentioned  above, 
Cg  consists  of: 

1.  The  loss  of  profit  per  unit  that  we  are  unable  to  supply,  which  (provided 
we  know  for  sure  that  the  customer  is  not  prepared  to  wait  untE,  new  stock 
arrives)  is  easy  to  establish. 

2.  The  loss  of  good  wiH,  which  as  explainai  later,  is  not  that  easy  to  expre^ 
quanthatively. 

In  order  to  avoid  the  issue,  management  sometimes  states  the  average  level 
of  satisfaction  that  should  be  aimed  at.  The  level  of  satisfaction  specifies  the 
percentage  of  the  times  in  'which  demand  can  be  met.  For  instance,  if  the  policy 
requires  that  the  level  of  satisfaction  be  9'9  per  cent,  then  only  in  1  per  cent  of 
the  cases  are  we  prepared  to  put  up  with  the  situation  in  which  demand  ex'^ceeds 
the  stock.  The  issue  of  value  assignment  is,  in  fact,  not  avoided  in  tMs  way, 
since  the  decision  to  specify  a  certam  level  of  satisfaction  automatically  puts  a 
price  tag  on  c^.  In  many  cases  this  is  a  more  convenient  way  for  management  to 
express  its  desirable  policy,  but  at  the  same  time  it  is  useful  to  know  Just  how 
much  this  policy  costs  and  whether  the  cost  function  is  steep  in  the  specified 
region,  in  which  case  the  policy  may  intelligently  be  reconsidered. 

Mxamph 

For  the  data  given  in  the  previous  example,  suppose  that  instead  of  specif3?ing 
C2,  management  rules  that  w^e  should  aim  to  meet  demand  98  per  cent  of  the 
time.  Find  the  to  which  this  policy  is  equivalent,  what  it  costs  to  implement 
it,  and  how  much  should  be  ordered. 


49B  Production  Planning  and  Control 


Solution 

Here  <!> '  ■  0.080 
9  0.048,  from 


we  have  ^  ^  /  !u>  *  0.0204 

<h  0.08 

and  c,  -  -  ^^5Pf)1.0 

€  0,0204 

The  cost  is 

G  =  o‘[— 4“  (9  4"  (^1  ‘f  <"2)] 

-=  80[-61  X  2.06  +  (0.048  +  0.98  X  2.05)(l  .04  •+  6i.O)] 

=-  $200 

And  the  amount  that  should  be  ordered  is 

Q  =  D  +  ta  ==  1,000  +  2.05  X  80  -  '  1,164  1,160  units 

The  reorder  quantity  is  naturally  somewhat  largest*  than  h\  tlu^  [)r(U‘,e!(l  ing  (^xarnplc^ 
because  the  penalty  for  not  supplying  is  higluir.  It  is  intcu’c^sting  to  not(^  that  the 
cost  of  maintaining  the  described  policy  and  tlu^  r(M)r(J(ir  (pjantitie,H  (|uit(i 
sensitive  functions  when  the  level  of  satisfying  chunand  is  high  (as  illustra/t/C^d  in 
Fig.  18-9,  where  the  cost  C  and  the  reorder  ciuantity  Q  ar(‘-  giv(ui  lor  various 
values  of  e).  When  uis  comparatively  high,  the  recordcu*  (juantity  Ix^e.ormw  <^v(ui 
more  sensitive  to  changes  in  policy. 

Apportioning  Problems 

There  are  numerous  situations  in  industry  and  trade  wh(^T(^  a  (UTtain  cjorn- 
modity  is  ordered  or  produced  and  then  divided  into  j:)ortionH,  thc^se  [)ortionH 
being  required  for  further  operations  in  the  manufacturing  j)r()(5(^HH  or  for  rrjarkot- 
ing  as  a  finished  product.  Packaging  problems  fall  within  this  catcigory:  Thf‘. 
commodity,  when  in  the  form  of  powder,  for  instance,  is  weighed  and  packed  in 
packets,  cartons,  or  sacks;  when  it  is  in  liquid  form,  it  is  poured  into  bottles  or 
containers,  often  by  volume  specifications.  These  packets,  cartons,  or  bottles 
are  supplied  to  the  market  as  the  final  product,  and  they  have  to  meet  pre¬ 
determined  specifications  defining  weight,  volume,  or  any  other  property 
(cutting  paper  or  cloth,  for  instance,  would,  be  governed  by  dimensional 
specifications). 

Variabifity 

Apportioning  operations  normally  involve  a  certain  variability  of  the  quantity 
allotted  to  each  unit.  As  we  often  find  that  reduction  or  practical  elimination  of 


Corresponding  to  t  ••  2.05  (from  Af)p(UKlix  ta,bl(d  and 


0 


1 

1  4- c 
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this  variability  is  rather  costly,  we  have  to  put  up  with  some  deviations  from  the 
desirable  specified  quantity .  If  the  number  of  units  of  the  final  product  is  known 
and  the  penalty  for  not  meeting  the  specifications  is  given,  how  much  of  this 
commodity  should  be  ordered  or  made  for  each  production  cycle?  We  must  strive 
to  determine  the  optimal  setting  of  the  process  that  would  yield  such  an  average 
quantity  per  product  unit  that  the  over-all  cost  or  waste  will  be  minimked.  The 
problem  becomes  more  complex  when  either  or  a  combination  of  the  following 
situations  occur. 


Figure  18-9-  An  e^mple  #0  iIIms- 
trute  the  effect  of  lerel  of  saMsfaC’- 
ti€m  0  on  the  reorder  botch  Q  mmd 
the  cost  function  C. 


Legal  restoictioiis 

Some  specifications  are  laid  down  by  law;  for  instance,  minimum  weights  of 
packaged  or  bottled  foodstuffs.  Since  the  pe'iialty  for  underweight  units  is  high, 
the  manufacturer  tends  to  increase  the  average  amount  per  unit  as  a  safety 
measure.  On  the  other  hand,  he  is  reluctant  to  increase  the  average  too  much, 
both  because  material  is  thereby  wasted  and  because  it  may  reduce  |M>tential 
demand  for  a  second  purchase. 
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Measurement  limitations 

In  many  cases  the  specifications  for  ordering  the  commodity  and  for  marketing 
the  final  product  differ  in  the  property  selected  for  measurement  piloses.  In 
rolling,  extrusion,  and  simfiar  processes,  the  inlet  may  be  measured  by  wg  , 
whereas  the  outlet  (or  final  product)  may  be  defined  by  dimensions  of  width  or 
lenoth  In  such  cases,  variations  of  specific  gravity  durmg  the  process  (as  m 
rolfing  or  extrusion)  or  gage  (as  in  production  of  paper  or  metal  sheets)  have  to 

be  considered. 


Deviations  from  specified  packaged  weights 

As  we  have  pointed  out,  there  is  an  inherent  variability  in  the  actual  appor¬ 
tioning  operation.  If,  for  instance,  we  have  to  produce  1  pound  packages  of  a 
commodity,  we  find  that  the  packages  vary  in  weight,  and  numerous  case  stucff^ 
conducted  in  industrj-  suggest  that  the  distribution  of  weights  resembles  the 

normSil  corvc. 

If  the  apportioning  process  is  so  adjusted  as  to  yield  a  mean  package  weight 
of  1  pound,  half  the  packages  are  expected  to  be  overweight  and  half  are 
expected  to  be  underweight.  The  underweight  packages  do  not  meet  the  requme- 
ments.  They  mav  have  to  be  sold  at  a  lower  price,  or  perhaps  be  opened  m  order 
to  be  repackaged  again  (for  instance,  when  marketing  packages  below  1-pound 
weight  is  forbidden,  or  undesirable  from  the  point  of  view  of  mainta^g  the 
quality  of  the  product,  so  that  marketing  underweight  packages  should  be 
avoided).  In  some  cases  underweight  packages  may  simply  have  to  be  scrapped. 
In  any  event,  a  loss  due  to  underweight  is  involved.  The  overweight  packages 
are  marketable,  but  again  a  loss  is  incurred  by  putting  too  much  material  in 
each  packet.  The  question  arises;  How  can  the  total  loss  be  minimized?  We  can 
reduce  the  loss  by  using  one  or  combinations  of  the  following  three  methods. 

1.  We  may  try  to  reduce  the  variability  of  the  process,  either  by  change  of 
equipment  or  by  periodical  checks  through  machine  setting,  mamtenance,  and 
repair  (this  problem  is  further  discussed  in  Chapter  19).  In  this  way  the  tails  of 
the  distribution  curve  are  pruned  down,  and  a  higher  precentage  of  the  produc¬ 
tion  volume  can  be  brought  within  prespeeified  tolerances  (see  Rg.  19-9). 

2.  An  appropriate  inspection  mechanism  could  be  installed,  which  would  let 
through  only  those  products  that  are  within  the  desirable  tolerances.  This  would 
ensure  against  the  penalties  for  underweights. 

3  For  a  given  process  variability,  the  loss  may  be  reduced  by  process  adjust¬ 
ment,  i.e.,  by  the  mean,  untU  an  optimal  proportion  between  over¬ 

sized  and  undersized  products  is  attained.  Deviations  from  this  optimal  setting 
would  involve  an  increase  in  the  loss  function,  either  due  to  excessive  surplus 
material  input  (when  the  mean  is  too  high)  or  to  too  many  rejects  of  undersized 
products. 
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Process  adjustment 

We  shall  now  proceed  to  analyze  mathematically  the  question  of  process 
adjustment.  Suppose  the  mean  of  the  distribution  is  x,  wMIe  the  amount 
specified  for  each  product  is  Xq,  and  suppose  the  process  is  adjusted  in  such  a  way 
that  the  probability  of  obtaining  an  underweight  product  is  0.15  per  cent;  there 
would  be  an  average  excess  of  material  of  x  —  in  each  package.  If  M  packages 
or  portions  are  made,  the  total  amount  of  material  required  to  produce  N  units 
is  Nx,  so  that  the  loss  ratio  is 

Cf  _  ^o)  _  -I  ^0  i-Ti  ^ 

- ^ - 1  -  ^  (18-61a) 


The  probabihty  of  0.15  per  cent  for  underweight  units  corresponds  to 


X  Xq  —  ScT" 


or 


where  y  =  xja  is  the  inverse  of  the  coefficient  of  variation,  which  gives  us  some 
measure  of  the  dispersion  of  the  distribution.  Hence 


So  =  -  (18-^lb) 

y 

If  the  distribution  is  shifted  to  the  right  so  that  the  mean  weight  per  unit 
increases,  the  chances  of  obtaining  underweight  units  are  further  reduced,  but 
the  amount  of  excess  material  used  is  increased  and  thus  the  loss  ratio  evidently 
increases-  If  the  distribution  is  shifted  to  the  left  so  that  the  probability  for 
obtaining  underweight  packages  is  O,  the  loss  would  be 

Amount  of  loss  due  to  underweights  = 
where  Xj_  is  the  average  amount  lost  per  packet. 

Amount  of  loss  due  to  overweights  =  W(1  —  <I))(x2  — 
where  x^  is  the  average  weight  of  the  overweight  packages. 

If  underweight  products  are  a  total  loss  and  have  to  be  scrapped,  the  total 
amount  of  material  lost  is  +  (1  —  —  Xq)],  while  the  total  amount 

of  material  input  is  Nx.  The  scrap  ratio  is 

^  (D  ^  +  (1  _  o)  (18-52) 

Nx  X  X 


X^  —  X 


If 
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then,  by  Eq.  18-42, 


9 


or 


=  1 


Define 


or 


t  = 


1 

— 

<D 

9 

1 

y 

1 

9 

_j_ 

l” 

-  4) 

Xq 

X 

-  (18-53) 


(18-54) 


^9=1  +  1 

X  y 


By  substituting  these  expressions  into  the  scrap  ratio  function,  we  get 


=  <h  -  (1  -  <!>) 


(18-55) 


How  can  this  function  be  minimized  by  selection  of  x  (obtained  through  an 
appropriate  adjustment  of  this  process),  when  the  requirement  is  given?  The 
answer  to  this  question  is  obtained  by 

dS 


From  Eq.  18-54  we  get 


where 


=  0 
dt 

t  =  m  —  y 

m  =  —  is  known 
a 


^  —  1 


(18-56) 

(18-57) 


y  y 

By  substituting  this  expression  into  Eq.  18—55: 


=  1  -  (1  -  3>)  - 

y 


(18-58) 
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If  ciianges  in  x  do  not  cause  any  changes  in  a,  the  ratio  m  is  constant  for  any 
given  situation.  An  example  showing  the  scrap  ratio  function  is  given  in  Fig. 
18—10.  The  function  becomes  a  minimum  when 


dS  m  V  ,  ^ 

(1  _  <5)  +  _ 

ay  y-  y  ay 


But 


from  Eq.  18-56,  and 


dy 

dt 


-1 


d<D 


dy 


”9 


and 

-(1-^) - 9  =  0 

y-  y 

or 

1  _  <D 

y  — 

(18-59) 

n!  I  I  1  . 1 _ ^ ^ ^ _ I 
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r 

Figure  18-10.  The  scrap  function  ( for  y  =  constant) . 


The  minimum  value  of  the  scrap  ratio  function  is  obtained  by  substituting  the 
optimal  y  into  the  scrap  ratio  function,  yielding 

=  1  —  mf  (18-60) 

Mxample 

A  liquid  is  bottled  and  sealed  in  containers  that  should  not  hold  less  than 
100  grams  of  the  material.  The  unsealing  of  the  containers  may  adversely  affect 
the  properties  of  the  liquid,  so  that  underweight  containers  have  to  be  thrown 
away  as  scrap.  A  study  of  the  operation  showed  that  the  standard  deviation  of 
the  distribution  of  weights  was  8  grams  and  the  mean  weight  was  set  at  120 
grams.  The  underweight  products  were  sifted  from  the  finished  product  stores 
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Second  trial  Assume  t  =  —1.8  or  y  =  12.5  +  1.8  =  14.3.  How 

1  —  <1)  =  0.964 
<p  =  0.0790 

Check*  1  ■— <!>  0.986  ^ 

<p  0.0355  ^ 

The  answer  must  lie  between  t  =  — 2.0  and  1.8 

Third  trial.  Assume  t  =  —1.9  or  y  =  12.5  +  1.9  =  14.4.  How 

1  -  d)  =  0.971 
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Check: 


1  --  O 

9 


(p  =  0.0656 


0.971 

0.0656 


=  14.8  >  14.4 


but  the  difference  is  now  fairly  smaU,  and  a  smaU  change  in  t  (in  the  second 
ecimal  place)  will  hardly  affect  the  last  assumption,  y  ==  14.4^  and  the  value  of 
1  —  O  =  0.971.  We  can,  of  course,  find  t  quite  accurately  from 


9  = 


1  -  O 
y 


0.971 

14.4 


=  0.0675 


which  corresponds  (see  Appendix  table)  to  t  =  —1.88  or  y  =  14.38,  the  optimal 

mean  setting  being 

X  =  ya  =  14.38  X  8  ==  115.0  grams 

but  obviously  the  accuracy  provided  by  y  =  14.4  is  quite  adequate. 


3.  The  minimum  scrap  ratio  is 

=  1  —  =  1  —  12.5  X  0.0675  =  0.156,  or  15.6% 

compared  vith  17.2  per  cent  resulting  ffom  the  present  setting. 


The  cost  function  when  the  penalty  for  underweights  is  different  from  that 
for  overweights 

The  foregoing  analysis  is  related  to  the  scrap  ratio  function,  when  material 
in  underweight  products  has  to  be  scrapped  and  the  cost  per  unit  weight  to  the 
plant  is  the  same  as  the  cost  of  excess  material  in  overweight  products.  In  many 
cases,  however,  the  cost  for  each  category  is  different.  Material  in  rejected 
products  may  be  reclaimed  for  reapportioning  and  the  loss  may  be  only  partial, 
owing  to  additional  labor,  machine  time,  and  packaging  that  have  to  be  rein¬ 
vested  in  the  material.  On  the  other  hand,  in  some  cases  the  procedure  or  cost  of 
inspection  may  be  such  that  it  would  not  enable  reclaiming  or  even  stopping  the 
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rejects  from  going  through,  and  the  penalty  for  these  may  be  rather  high.  In 
such  cases  it  is  useful  to  analyze  the  cost  function: 

C  =  -f  N{1  -  (18-61) 

cost  of  cost  of 

underweights  overweights 

where  C  is  the  total  cost,  the  cost  per  unit  amount  of  underweight,  the  cost 
of  unit  amount  of  surplus  material.  By  substituting 


^2  ! 
-  =  y  + 

O' 


9 

1  —  <D 


and  considering  the  nondimensional  cost  function 

E  =  — 

Mc^p- 

we  get 

^  =  ye<D  -  1(1  -  O)  +  (1  -  €)9 

=  {m  —  ^)€<I>  —  t(l  <I>)  +  (1  —  €)9  (18-63) 

For  given  values  of  ni  and  e,  the  cost  function  E  can  be  plotted  in  terms  of  I, 
and  this  function  will  indicate: 

1.  What  value  of  t  should  be  selected  in  order  to  minimize  the  cost. 

2.  How  sensitive  the  function  is  to  changes  in  t  (i.e.,  how  “‘flat’'  the  curve  is  in 
the  vicinity  of  the  point  of  minimum),  so  that  an  appropriate  policy  may  be 
outlined  to  show  just  at  what  deviation  from  the  optimal  t  it  is  desirable  to 
readjust  the  process. 

As  might  have  been  expected,  the  parameter  e  greatly  affects  the  cost  func¬ 
tion  and  hence  our  considerations  when  optimal  solutions  are  sought.  For  the 
extreme  case  e  =  0  (i.e.,  when  the  penalty  for  imderweights  is  nil),  we  get 

Fo  =  9  -  ^(1  - 

Another  special  case  is  €  =  1  (i.e.,  the  two  cost  rates  are  the  same),  for  which 


=  y(D  -  t{l  —  ^) 
=  —  t 


(18-63h) 
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This  expression  corresponds  to  Eq.  18-58;  thus  we  see  that  the  criterion  of  scrap 
ratio  (i.e.,  ratio  of  absolute  scrap  to  material  input)  is  a  special  case  of  Eq.  18-63, 
in  which  the  criterion  of  absolute  cost  is  used. 

The  cost  function  becomes  a  minimum  when 


dt 

The  situation  is  defined  by  the  requirement  m  —  3Cq/ct,  which  is  constant;  hence 
dE 


dt 


or 


—  -_£<|)  __  _  (X  _  _  (1  _  _  0 

1  —  <I)  +  €<I) 

- =  m 

€cp 


(18-64) 


Solutions  to  this  equation  are  given  in  Fig.  18-11,  from  which  the  optimal 
setting  t  can  be  foxmd  for  known  values  of  m  and  €.  Alternatively,  the  equation 
may  be  solved  by  the  trial-and-error  method,  similar  to  the  solution  illustrated 
in  the  preceding  example. 


Figure  18-11.  Optimal  solutions  for 
Seterrnining  the  mean  in  apportion¬ 
ing  problems  ( when  a  =  constant). 


For  the  two  special  cases  mentioned  above  when  €  =  0,  we  get  f  ->  oc^  (i.e., 
we  should  avoid  the  production  of  overwe^ht  products,  since  there  is  a  penalty 
for  overweights,  but  no  loss  due  to  underweights),  when  e  =  1,  we  get  o  =  l/»i 
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(SjS  'yn  is  known  for  nny  ^vsn  sitimfion,  wo  cnn  onsily  find  cp  nnd  fhon  tlio  cofro- 
sponding  t  from  the  Appendix  table). 

As  already  pointed  out,  this  situation  is  based  on  the  assumption  that  any 
adjustment  of  the  process  does  not  change  the  standaid  deviation  of  the  distri¬ 
bution  of  weights,  volumes,  etc.,  of  the  products.  In  other  words,  it  is  implied 


-41 


1- 


A- 


■ - Output 

(a)  ff  Remains  Constant  (b)  T  Remains  Constant 

Figure  18-12.  Effect  of  input  on  the  distribution  of  outputs. 

that  by  selecting  a  new  mean  x  for  the  distribution,  we  merely  shift  its  position, 
as  suggested  by  Fig.  18-12a.  In  many  cases,  however,  an  increase  of  the  mean 
results  in  an  increase  of  ct,  so  that  the  coefficient  of  variation  remains  constant, 
as  suggested  by  Fig.  18-12b,  or 

y  =  constant 

The  cost  function  may  now  be  defined  as 

G 

c^Nxq 

E  E 


(18-65) 


or  G 

By  using  Eq.  18-63,  we  get 


xjo  t +  y 


G  =  — r yed>  -  «(1  -  <!)) 

*  +  r  L 

and  this  cost  function  is  minimum  when 
dG 


(1  -  e)9 


] 


(18-66) 


^  -  (1  -  $)  J  =  0 


or,  by  substituting  t  + 


:  ni. 


em^ - (1  —  O  +  eO)  =  1 

9 


(18-67) 
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Solutions  for  some  values  of  €  are  presented  in  Fig.  18-13.  For  the  two  special 
cases 

e  =  0,  we  get  t->Qo 
€  =  1,  we  get  y  =  M-o 

Example 

Consider  the  cost  function  in  the  preceding  example,  when  the  loss  of  material 
due  to  overw^eight  products  is  0.5  cents  per  gram  of  excess  materiaL  while 
Cg  —  5  cents  per  gram. 


1.  Show’’  how^  the  cost  function  depends  on  the  setting  t,  (a)  a^uming  that  cr 
remains  constant;  (b)  assuming  that  y  remams  constant. 

2.  Find  the  cost  of  the  present  policy. 

3.  Determine  the  optimal  policy  when 

(a)  a  is  assumed  to  be  constant. 

(b)  y  is  assumed  to  be  constant. 


Solutioti 

1.  We  have 


€ 


% 


Ca 


T 


=  0.1 


(a)  From  Eq.  18-63,  we  find  that 

E  =  (12.5  -  t)0.m  - 1(1  -  CD)  -  0.99 
and  the  cost  C  —  40E  cents  per  unit. 

(b)  From  Eq.  18-66,  we  get 

G  =  — r  1-5®  -  +  O.Ool 

^  +  Id  |_  J 

and  the  cost  C  =  500G  cents  per  unit. 

2.  The  present  policy  is  at  t  =  — 2.5,  w^Mch  yields  E  =  2.59,  or  C  = 

X  2.59  =  1.03  dollars  per  unit. 

3.  (a)  From  Fig.  18-11  we  find  that  the  optimal  setting  is  at  f  =  — O.i  or  at 
z  =  Xq  ~  ta  =  100  -f  0.8  =  100.8  grams,  incurring  a  cost  of  4Ct  cents  per  unit. 
This  is  substantially  below  the  cost  at  the  present  moment. 

(b)  From  Fig.  18-13,  the  optimal  setting  is  at  t  =  -0.05,  but  with  this  new- 
setting,  the  standard  deviation  is  changed,  so  that 


510  Production  Planning  and  Control 


a;  =  YT(j^)  ^  1  -  (o;o^ 

the  new  standard  deviation  being 


100.3  grams 


cr 


X 

7 


100.3 

15 


=  6.7  grams 


Figure  18-13.  Optimal  solutions  for 
determining  the  mean  in  apportion¬ 
ing  problems*  ( vahen  the  process  is 
governed  by  y  =  constant). 


Apportioning  outputs  from  a  known  distribution  into  several  identical  products^ 

This  section  deals  with  subdivision  of  a  quantity,  belonging  to  a  known 
distribution,  into  smaller  quantities.  The  original  quantities  are  the  outcome  of 
a  given  process,  and  these  form  a  distribution,  as  in  the  case  of  filling  sacks  of 
sugar  or  barrels  of  wine.  Now,  the  contents  of  each  of  these  sacks  or  barrels  have 
to  be  divided  into  smaller  containers  or  bottles.  If  we  can  subdivide  the  contents 
accurately  into  a  whole  number  of  smaller  packages,  we  shall  have  no  surplus. 
Of  course,  in  the  case  of  sugar  or  wine,  we  could  have  receptacles  larger  than 
sacks  or  barrels,  or  we  could  collect  residues  from  several  containers  to  make 
additional  packages.  But  in  some  cases  this  cannot  be  done,  and  the  residue  of 

2  Acknowledgement  is  due  to  the  Institution  of  Mechanical  Engineers,  London,  for 
permission  to  quote  from  the  author’s  papers  mentioned  in  the  References  and  to  reproduce 
Figs.  18-12  to  18-20. 
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each  original  quantity  incurs  a  certain  loss.  A  typical  example  is  in  the  manu¬ 
facture  of  metal  bars  marketed  by  length.  The  bars  are  obtained  by  a  rolling 
process,  where  the  input  to  the  mills  consists  of  billets  of  known  length  and  cross- 
section,  and  the  bars  form  the  output.  These  bars  vary  in  length,  the  variability 
of  the  process  being  caused  by  many  factors,  such  as  variations  in  physical 
dimensions  and  chemical  and  mechanical  properties  of  the  input  to  the  process, 
variations  in  the  cross-section  of  the  bars,  variations  in  the  process  conditions, 
including  temperature,  wear  of  rollers,  lubrication,  etc. 

If  each  bar  of  the  bar-length  distribution  yields  only  one  product,  we  have  one 
of  the  inventory  problems  discussed  above,  namely: 

1.  The  input  to  the  process  may  be  fixed,  so  that  we  have  a  certain  bar- 
length  distribution,  of  which  an  optimal  bar  length  for  marketing  has  to  be 
selected.  The  bar-length  distribution  is  analogous  to  the  distribution  of  demand, 
and  the  optimal  bar  length  to  be  chosen  is  analogous  to  the  optimal  reorder 
hatch  size,  as  analyzed  previously. 

2.  The  final  bar  length  may  be  fixed  by  standards  or  by  market  requirements, 
hut  the  distribution  of  bars  at  the  output  may  be  shifted  by  process  adjustment, 
and  the  optimal  settmg  may  be  specified  to  reduce  the  loss  function. 

In  our  apportioning  problem,  the  mean  of  the  bar-length  distribution  is  large 
compared  with  the  required  length  of  the  product,  and  each  bar  has  to  be  sheared 
several  times,  yielding  several  products  and  a  remainder.  This  remainder  is 
scrap,  and  it  naturally  is  smaller  than  the  required  product  length. 

Class  distribution 

In  the  bar-length  distribution,  the  shortest  bar  that  should  be  considered  is 
Xq  =  TifjL,  where  ft  is  the  length  of  the  required  product;  i.e.,  n  producte  are 
obtained  from  the  shortest  bar.  The  distribution  may  be  divided  into  classy,  as 
shown  in  Fig.  18-15,  the  width  of  each  being  ft.  The  first  class  includes  all  the 
bars  with  a  length  between  and  i.e.,  between  np,  and  {n  +  l)ft,  but  all  the 
bars  in  this  class  yield  only  n  units  of  the  product.  The  bars  in  the  second  class 
are  between  %  and  X2  in  length,  i.e.,  between  (n  +  l)ft  and  (ti  +  2)p,  but  each 
3delds  the  same  number  of  units,  namely,  w  +  1;  etc. 

First,  let  us  assume  that  the  division  into  classes  puts  the  S3mimetry  line  of 
the  distribution  in  the  middle  of  one  class,  as  in  Fig.  18—15;  21:  1  classes  are 

■thereby  obtained,  where  1:  is  a  whole  number.  In  order  to  cover  the  practical 
range  of  the  distribution  function  (99.7  per  cent),  we  should  have 

(2^  +l)p^  6a 

or  -I  (18-68) 

m  2 


where 
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Figure  18-14.  The  first  two  classes 
(magnified). 


The  scrap  resulting  from  the  class  0-1  is  (Fig.  18-14) 

—  ^o)  =  —  ^o)^^o,i 

where  x'q  is  the  average  length  of  the  bars  in  this  class,  is  the  probability 
to  obtain  a  bar  in  this  class,  and  N  is  the  total  number  of  bars  in  the  distribution. 


Figure  18-15.  A  symmetrical  class -grid. 
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Similarly,  the  scrap  for  class  1-2  is 

^1,2  =  N{x\  —  %)A<I>i^2 


and  the  total  scrap  is 


2^ 


2^ 


-S'  =  2  Sf,£+1  =n'^  {z'i  - 

4=0  1=0 


fl8-69) 


Since  by  Eq.  18-42, 


and  as,  by  definition. 


then 


9i^i  — 

A€>- 


x'i  =  *  +  at^. 


A#-  -  , 


(fi+l  ~  f i) 


When  this  expression  is  substituted  into  Eq.  18-69,  the  scrap  per  bar  is 


S 

N 


2k 


■C?i+i  —  f  il 


t=0 

2k 


2k  2k 


t=0 


Practically, 


2k 

2  A<&i,i+1  =  1 ;  O^Jrrl  =  9o  =  0 


i=0 


and  Zi  =  (71  +  i)jLL,  Therefore 

^  =  X  —  r 71  A€>0  1  +  (tt  +  1)  -)  -^^2,3  —  *  •  * 

w  L 

-j-  (W  + 


^  2  A^£,f+l  “  [O  4*  1^%,* 

1=0 

-f-  2A<I>2,3  +  ’  *  •  +.21:  A#2Jb,2i“^i  J 
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But  due  to  the  symmetry  of  the  class  grid  placed  on  the  distribution, 

=  A^2k,2k+l 

^^1,2  “  1,2& 


and 


fe+2 

^  =  X  —  ng,  —  ft*2^AOo^x  +  +  *  ’ '  +  ^^k-uk  + 


By  substituting  x  =  (n  -{-  Ic  -{-  J)ft,  the  scrap  per  bar  is 

S  1 


{18-70} 


Similarly,  when  the  class  grid  is  superimposed  symmetrically  on  the  distribu¬ 
tion,  so  that  the  ordinate  at  the  mean  coincides  with  the  boundary  line  between 


two  classes  (Fig.  18-16),  the  same  value  for  scrap  is  obtained.  This  is  an  impor¬ 
tant  result,  since  it  implies  that  neither  the  variability  of  the  process  nor  the 
type  of  the  distribution  (as  long  as  it  is  a  symmetrical  one),  has  any  effect  on  the 
amount  of  scrap. 
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When  the  grid  of  classes  is  not  symmetrical,  i.e.,  when  the  ordinate  at  x  is  not 
in  the  middle  of  a  class  hut  at  a  distance  a  from  the  ordinate  at  x  (Fig.  18-1 7), 
the  scrap  per  bar  is  again 


N 


2ir 


a 


1  =  0 


np. 


i=0 


(18-71) 


If  the  grid  on  the  left  of  the  symmetry  line  is  reflected  on  its  right,  every  class  on 

the  right  is  divided  into  two  subclasses  so  that  each  A#  =  A€^  +  A'«I>  .  Now, 
to  evaluate  the  third  term  in  Eq.  18-71, 

21: 

=  0  AOo.i  +  1  AOi,2  +  2  A<I>2.s  +  ■  -  •  +  (i  -  1) 

f-0  4-  --  Below  x 

+  +  (I:  +  +  *  “  “ 

+  2i(A<D'2i,2i+i  +  A<I>'afc,tt+i)  Above  x 
(where  A<I>'j,.fc+i  is  from  the  ordinate  of  x  and  not  from  the  ordinate  of  Xj,) 
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(see  Fig.  18-17),  But  due  to  the  symmetry  of  the  distribution  (nirve, 

2kr2,2k . '1  . . (  2t-"ly2k 

^^k-l,k  ~  ^^^^"k,k+l  + 

also  (6.5  0;,.)  =  Ad)'/^,/c+x 

and  practically  A<I>''2;f,2fc+i  ~  6 

Hence 


2k 


A<D,.  ,.+1  =  (2k  -  1)  0.5  +  +  AO'^^+i.^+g  -|-  ■  • 

=  k  AO  jc^k+i  AO  /H'i,/f+2  ‘ ' 


i=0 


By  substituting  this  relation  and 

X  =  (%  +  k)iM  + 

into  Eq.  18-71,  we  get 

2k 

>e— 

>  AcD', 


5  _  I  a 


IJ.  Zw 

i-k 

2k 

= - + yAO",,,+, 

i~k 


i,i+l 


or 


Sim' 


2k 


Nil 


7j  + 


m 


2“'"" 

i—k 


2fc,2A:+l 


AO" 


2fc,2fc+l 


(18-72) 


where  m  =  iif a,  m'  =  a/cr,  m  expresses  the  relation  of  the  product  length  to  the 
variability  of  the  process,  m'  indicates  the  degree  of  asymmetry  of  the  class  grid 
in  relation  to  the  mean  of  the  distribution.  The  effect  of  these  parameters  in  the 
case  of  a  normal  distribution  is  shown  in  Fig.  18-18.  For  m'  =  0,  m'  =  \ 
expression  18-70  is  obtained,  whatever  the  value  of  m.  If  the  class  grid  is  not 
symmetrical,  the  amount  of  scrap  becomes  more  and  more  sensitive  to  m  as 
m  increases  above  2.0.  Hence  the  longer  the  required  bar  and  the  smaller  the 
variability  of  the  process,  the  more  important  it  is  to  adjust  the  mean  in  order 
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to  ensure  minimum  scrap.  The  scrap  function  Eq.  1&-72,  has  the  shape  of  a 
symmetrical  wave,  the  amplitude  of  which  increases  with  m,  and  the  TTtiriiTOiiTO 


scrap  reduces  with  7n,  as  shown  in  Fig.  18-19.  For  m  <  2.0,  it  can  he  Aown  tliat 
practically 


Vao)', -  11^3) 

i=k 

x¥/x  2  ^  ' 

which  is  the  same  as  Eq.  18-70. 


Figure  18- It.  Jiminmni  rmimes  of 
the  scrmp  fmmetmm. 


Conclusions 
For  m  <  2.0: 

1.  The  amount  of  scrap  is  independent  of  the  variability  of  the  proce^. 

2.  The  amount  of  scrap  is  not  affected  by  the  mean  value  obtained  by  the 
process.  Hence,  adjustments  of  the  mean  are  not  required,  and  as  long  as  there 


518  Production  Planning  and  Control 


is  no  change  in  the  product  distribution,  no  change  in  the  level  of  scrap  should 
be  expected.  It  is,  however,  desirable  to  increase  z  in  order  to  reduce  the  scrap 
percentage- wise. 

3.  The  scrap  is  linearly  dependent  on  the  required  length  of  the  product. 

If,  for  example,  we  need  bars  10  yards  long,  and  supposing  that  the  standard 
deviation  of  the  process  does  not  change  with  the  mean  (such  as  in  Fig.  18--12a), 
the  scrap  function  would  be  as  in  Fig.  18-20.  If  the  mean  length  of  the  rolled 
bar  can  be  adjusted  between  30  and  50  yards,  and  if  o*  =  1.0  yards,  it  can  be 
seen  that  minimum  scrap  occurs  at  31.7  and  41.7  yards;  of  these  two  points  the 
last  is  preferable,  since  the  longer  the  mean  rolled  bar,  the  smaller  the  scrap 
percentage. 


Figure  18-20.  Scrap  function  for  shearing  bars  10  yards  long  frotn  a  bar 
distribution  having  a  constant  a- 


In  this  problem  we  have  been  concerned  with  apportioning  quantities,  and  we 
have  assumed  throughout  that  the  variability  of  the  small  quantities  is  negligible 
compared  with  the  variability  of  the  bigger  quantities. 

There  are,  in  fact,  many  situations  where  more  than  one  product  is  required; 
for  instance,  in  the  case  of  sugar  we  may  want  to  stock  packages  of  |,  1,  and 
2  pounds,  or  in  the  case  of  bars,  we  may  have  a  demand  for  10,  12,  and  18  yards. 
Furthermore  the  demand  for  several  products  may  be  specified  in  given  pro¬ 
portions;  e.g.,  50  per  cent  of  the  stock  should  be  in  10-yard  bars,  30  per  cent  in 
12  yards,  and  20  per  cent  in  18  yards.  Analysis  of  multiproduct  apportioning 
problems  clearly  calls  for  the  use  of  linear  programing,  since  many  methods  of 
apportioning  can  be  suggested;  of  these  we  seek  those  that  would  minimize  the 
total  amount  of  scrap. 

The  author  was  laboring  xmder  the  misconception  that  minimization  of  scrap 
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Is  a  desirable  aim,  until  he  was  seriously  told  recently  by  the  works  manager  of  a 
glass  manufacturing  plant  that  he  could  not  allow  reduction  in  scrap  because  it 
was  one  of  the  main  ingredients  required  for  his  compounds.  These  problems, 
however,  are  beyond  the  scope  of  this  book,  and  the  interested  reader  is  referred 
to  the  references  for  further  material  on  the  subject. 

Summary 

Inventory  management  is  always  confronted  by  uncertainties,  and  since  stock 
replenishment  is  very  often  carried  out  in  batches,  an  analysis  of  the  optimal 
reorder  batch  is  called  for.  Two  inventory  models  are  analyzed,  one  for  continu¬ 
ous  consumption  and  one  for  discrete  consumption.  It  is  shown  that  the  criterion 
of  minimnTn  costs  is  a  special  case  of  the  solution  for  maximum  profit  for  both 
models. 

Perishable  and  semiperishable  goods  are  a  special  case,  usually  of  the  discrete 
consumption  type,  and  it  can  be  shown  that  determination  of  optimal  sizes  of 
r^ervoirs  and  stores  is  a  problem  belonging  to  this  class.  Apportioning  problems 
deal  with  division  of  big  quantities  into  several  smaller  quantities,  and  the  case 
when  the  big  quantities  are  subject  to  variations  according  to  the  normal 
distribution  is  analyzed. 
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Problems 

1.  In  the  case  of  discrete  demand  with  a  single  withdrawal  per  cycle,  the  prote- 
bility  density  function  for  demand  is  given  as  normal,  with  a  mMJi  demand  of 
1,000  units  per  cycle  and  a  standard  deviation  of  100  unite.  K  the  penalty 
for  not  meeting  demand  is  defined  by  situation  a,  and  cj  is  given  as  0.125, 
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what  reordei"  quantity  should  bo  plannc3d?  .Notice  that  the  time  of  with¬ 
drawal,  t,  is  not  specified.  Would  wide  variations  in  t  make  a  great  difference 
to  the  optimal  reorder  batch?  Why? 

2.  The  probability  density  function  for  discrete  demand  was  found  to  be  normal 

with  a  mean  demand  of  2,200  units  per  cycle  and  a  standard  deviation  of 
100  units.  The  loss  per  unsold  unit  is  |2.00  and  the  penalty  for  not  selling  a 
unit  is  $2.50.  What  reorder  quantity  should  be  specified?  Should  the  standard 
deviation  increase  twofold,  will  this  quantity  bo  greatly  affected? 

3.  Supposing  that  in  a  chain  of  stores  maiketing  tho  same  product  we  found  the 

standard  deviation  to  be  practically  the  same  for  all  stores  a  =  40  units,  but 
the  mean  demand  varied  appreciably  from  store  to  store.  If  Cj  =  $5.00, 
Co  =  $1.00,  plot  the  ratio  against  mean  demand  over  the 

range  5  =  100  to  600  units  per  cycle, 

4.  Find  the  loss  function  due  to  uncertainty  in  the  case  of  discrete  demand,  when 

it  is  known  that  a  quantity  is  withdrawn  from  the  stores  twice  every  cycle. 

5.  In  the  newspaper  problem  (Table  18-1),  calculate  and  plot  the  profit  from  sales, 

the  loss  from  left-over  papers,  the  net  profit,  and  the  potential  gain  when  the 
news  agent  varies  his  reorder  quantity  from  60  to  100  papers  per  day. 

6.  Given  the  demand  record  for  a  daily  newspaper  in  Table  18-1,  and  assuming 

the  normal  curve  in  Fig.  18-3  would  apply  in  the  future: 

(i)  Find  the  optimal  order  quantity  for  the  news  agent,  when  he  has  to 
pay  7  cents  for  each  copy  he  orders,  sold  or  unsold. 

(ii)  Find  the  optimal  order  quantity  for  the  news  agent,  when  he  has  to 
pay  only  4  cents  for  each  unsold  paper. 

(iii)  How  much  should  the  publisher  charge  the  news  agent  for  each  unsold 
copy,  if  each  copy  costs  him  5  cents  and  if  he  wants  to  maximize  his 
own  profits?  Assume  that  for  each  policy  set  by  the  publisher,  the 
news  agents  will  select  the  optimal  order  quantity  from  his  point  of 
view.  Are  the  aims  of  the  publisher  and  the  agent  compatible  with 
each  other? 

7.  A  theater  is  to  be  built  for  an  expected  average  demand  of  400  seats  per  per¬ 

formance  and  a  standard  deviation  of  100  seats.  There  are  two  kinds  of 
tickets:  half  the  seats  sell  at  $1.00  each  and  the  remainder  at  $1.50  each.  The 
average  cost  per  seat  to  the  management  is  expected  to  be  $1.10.  Find  the 
optimal  seating  capacity  of  the  theater.  Assumptions  are: 

(i)  The  demand  distribution  is  normal. 

(ii)  The  demand  pattern  is  as  follows:  Demand  ratio  of  expensive  to  cheap 
tickets  is  40:60,  until  no  more  cheap  tickets  are  available.  Then,  each 
customer  who  cannot  get  a  cheap  ticket  is  willing  to  buy  an  expensive 
one. 

8.  A  canning  plant  has  a  store  with  a  capacity  of  10  tons  for  a  certain  fruit.  Since 

the  working  cycle  is  one  week,  it  was  found  convenient  to  arrange  for  ship¬ 
ments  of  this  fruit  to  arrive  at  the  plant  once  a  week,  when  the  store  would  be 
emptied  and  cleaned  for  the  next  working  cycle.  Shipments  were  rather 
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irregular  in  quantity:  sometimes  a  shipment  would  be  less  than  10  tons,  in 
which  case  the  store  would  only  be  partiahy  full,  and  the  cost  of  not  utiiziiig 
the  space  and  machine  facilities  for  canning  would  cost  the  plain  |2i}|)  per 
ton;  sometimes  a  shipment  "would,  exceed  10  tons,  and  the  surplus  would  be 
stored  outside,  thereby  causing  spoilage  of  the  fruit,  which  costs  $450  per 
ton.  The  average  shipment  is  12  tons,  and  in  70  per  cent  of  the  eases  it  is 
necessary  to  use  the  outside  storage  area. 

(i)  Assuming  the  shipments  form  a  normal  distribiitkin  and  that  the 
canning  machines  can  cater  for  practically  any  load,  so  that  no  fruit 
is  carried  over  to  the  next  cycle,  what  is  the  present  cost  due  to 
variations  in  the  size  of  shipments? 

(ii)  What  store  capacity  'would  have  reduced  this  cost  to  a  mmimiiiiil 

9.  A  certain  semiperishable  commodity  is  acquired  at  $O.S0  a  unit  ami  sold  at 
$1 .20  a  unit.  At  the  end  of  the  period,  any  leftover  become  seeancl-cla^  goods 
and  are  sold  at  half-price.  At  the  end  of  the  second  period.  leftovers  from  the 
first  period  are  scrapped,  and  leftovers  from  the  second  period  become  second - 
class  goods  in  the  third  period,  etc.  The  demand  distribution  for  dnst -class 
goods  has  180  imits  as  its  mean  and  a  standard  deviation  of  20  luiiis.  The 
mean  demand  for  second-class  goods  is  36  units  and  the  sianciard  lieviation 
of  this  distribution  is  12  imits.  There  are  two  situations:  d’*  if  the  demand  for 
one  class  cannot  be  satisfied,  customers  are  not  prepared  to  take  goeds  of 
another  class;  (ii)  if  demand  for  second-class  goexis  is  not  satisfied,  customers 
are  invariably  prepared  to  take  first -class  goods  instead  mote  that  this 
demand  for  first-class  goods  was  not  included  in  the  demand  tiistribution  for 
first-class  goods  mentioned  above). 

What  is  the  optimal  reorder  quantity  that  shoiilc!  be  spt?cified  for  eaeii 

situation  (use  simulation)? 

10.  Sales  of  dinners  at  a  restaurant  were  foimd  to  be  approximately 

distributed  with  a  mean  demand  of  600  meals  per  day  and  a  standard  devzxi- 
tion  of  100.  The  cost  of  a  meal  to  the  establishment  is  75  eenis.  and  if  a  meal 
is  left  over,  it  has  to  be  thromi  away, 

(i)  "V^Tiat  is  the  optimal  policy  regarding  the  number  of  meals  that  shouia 
be  prepared,  'when  the  penalty  for  turning  a  eiistomer  away  is  54.1  *t3? 
(ii)  The  proprietor  successively  set  the  target  for  satisfying  customers  uhe 
term  satisfying  customers  here  is  understood  to  mean  ‘'supplying  thent 
■^dth  a  meal,”  not  ‘‘making  them  happy  with  the  cooking,  service,  or 
decor  of  the  restaurant”)  at  99.5,  99,  98,  96,  95,  92,  and  9i)  per  cent. 
What  penalties  are  these  figures  equivalent  to  and  what  is  the  cost  ot 
each  policy?  Plot  the  cost  C  versus  the  percentage  of  customer  satis¬ 
faction. 

(iii)  The  demand  distribution  naturally  varies  from  time  to  time  and  these- 

variations  may  be  related  to  (a)  the  shape  of  the  ewn-e;  ib)  ihe  mean 
demand;  (c)  the  standard  deviation. 

What  could  the  effect  of  each  be  on  the  results  obtained  for  .  'ii' 
above?  Illustrate  your  answer  by  calculating  the  effect  on  the  piar.ned 
number  of  meals  for  the  cases  when  the  standard  deviation  does  not 
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change  but  mean  demand  fluctuates  by  ±20  per  cent,  and  when  the 
mean  demand  does  not  change  but  the  standard  deviation  fluctuates 
by  ±20  per  cent. 

11.  The  demand  for  a  certain  semiperishable  item  at  a  tea  shop  is  described  by  the 
cumulative  distribution  given  in  Fig.  18-21.  Orders  for  replenishment  are 
i^ued  in  the  evening  when  the  tea  shop  closes,  and  supplies  reach  the  shop 
in  the  morning  at  opening  time.  The  present  inventory  policy  of  the  shop  is 
aimed  at  ensuring  that  the  stock  every  morning  ( =  left  over  from  previous 
day  ±  replenishment  —  quantity  of  goods  to  be  scrapped)  should  be  equal 
to  the  demand  during  the  previous  day(  =  goods  sold  ±  demand  that  could 
not  be  satisfied). 


5  10  15  20  25  30  35  40  45  50 


Quantity  (units) 


Figure  18-21.  The  cumulative  demand 
distribution  for  a  given  commodity. 


The  purchase  price  is  11.60  per  imit,  and  the  sales  price  is 
§2.40/imit  when  the  goods  are  fresh. 

§2.00/unit  when  the  goods  are  one  day  old. 

§1.20;’unit  when  the  goods  are  two  or  three  days  old. 

The  goods  lose  ail  their  value  after  the  third  day,  and  the  penalty  for  not 
meeting  demand  is  $2.00  per  unit. 

(i)  Comment  on  the  pr^nt  policy. 

(ii)  Find  the  optimal  policy  and  calculate  the  amount  of  savmg  expect^ 
if  your  policy  is  accepted. 

(iii)  It  has  been  suggested  that  the  division  of  old  goods  into  two  classes 
for  purposes  of  sales  is  too  cumbersome  and  that  all  goods  of  one  to 
three  days  old  should  be  sold  at  $1.20  per  unit.  Wliat  effect  would 
this  have  on  the  total  profit! 

12.  Expressions  18-5 la  and  18-5 lb  give  the  loss  ratio  for  the  ease  when  the  number 

of  underweight  producte  is  not  expected  to  exceed  0.15  per  cent.  Show  that 
if  a  higher  mean  is  selected,  the  loss  ratio  will  increase;  i.e.,  the  amount  of 
excess  material  lost  in  overweights  will  be  higher  than  the  amount  saved 
through  reduction  of  the  number  of  underweights. 

13.  A  commodity  is  packaged  to  customer’s  specifications,  which  state  that  each 
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product  should  not  be  below  Xq  in  weight.  For  underweight  products  there 
is  a  heavy  penalty  per  package,  while  excess  material  packed  in  overweight 
packages  costs  the  producer  per  unit  weight.  The  producer  has  two  policies 
to  choose  from; 

(a)  Adjust  the  mean  w^eight  x  of  the  packets  until  the  total  cost  becomes  a 
minimum. 

(b)  Introduce  an  automatic  w'eighing  machine  that  would  reject  all  packages 
under  Xq  in  weight.  The  rejects  can  be  opened  and  repackaged,  and  the  cost 
involved  is  ~  kci,  where  k  <  1.  The  cost  of  using  the  automatic  inspection 
and  sorting  machine  is  C4  per  package  produced. 

(i)  Find  the  optimal  setting  for  each  of  the  above  policies  and  state  under 
w^hat  conditions  (assuming  the  w-eight  distribution  is  normal)  each 
becomes  preferable. 

(ii)  Supposing  X0  =  1  lb.;  <t  =  0.2  lb.;  =  $5. 00/package;  =  $0A0/lh.; 

C3  —  $0-60/paekage;  C4  =  §0. 10/package.  Draw^  curves  to  show  how 
the  cost  changes  for  each  policy,  and  find  the  minimum  cost  for  each  case. 

14.  In  the  stocks  of  certain  perishables,  the  loss  per  unsold  rmit  at  the  end  of  the 
cycle  is  Cj  per  unit,  the  cost  of  not  meeting  demand  is  per  unit.  In  the 
analysis  in  this  chapter  no  account  was  made  for  storage  costs  while  the  goods 
are  in  the  store,  the  assumption  being  that  these  costs  are  constant  irrespective 
of  the  batch  size. 

Suppose  storage  costs  involve  various  operations  when  the  goods  are 
received  in  the  store;  show  that'^: 


(i) 


(ii) 


\%en  the  storage  costs  are  €,o  per  unit  received,  the  opt.imal  batch  is 
given  by 


d)  = 


1 


1  -f 


where  cg  =  Co/Ca. 

When  the  storage  costs  are  c®  per  unit  of  average  stock,  the  optimal 
batch  is  given  by 

0  = 


i^o 


1  + 


4^0 


15.  If  the  difference  betv?een  the  sales  price  and  the  acquisition  cost  is  z  per  unit, 
and  if  it  is  desirable  to  maximize  the  profit  of  perishable  goods  replenished  by 
the  reorder  cycle  system,  show  that  the  profit  function  is 

^  —  aCg  —  9  —  —  -^] 

where  Z  is  the  profit  and  2 

(the  other  symbols  are  as  used  in  the  text;  assume  a  normal  distribution  for 
demand),  and  that  the  optimal  reorder  quantity  is  given  by  Eq.  IS-SOa, 
namely, 

0  = 


I  4-  C 
1+  C  + 


W^hen  wrould  you  select  this  solution  instead  of  the  one  given  by  Eq.  18-50)? 

2  From  “Inventory?  control:  a  problem  in  stocking  perishable  goods,”  by  S.  Eilon,  The 
Production  Engineer,  April,  1960. 
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16.  In  the  production  of  steel  bars  it  was  found  that  for  a  constant  billet  input,  the 

rolled  bar-length  distribution  was  normal,  the  mean  being  51.0  yards  and 
the  standard  deviation  1.60  yards.  The  bars  have  to  bo  sheared  to  lengths  of 
8  yards  and  3  yards.  It  is  possible  to  adjtist  the  mean  length  of  the  rolled 
bars  between  30  and  60  yards  by  suitable  selection  of  the  input.  If  the  co¬ 
efficient  of  variation  is  believed  to  be  constant,  what  mean  bar  lengtli  should 
be  specified  for  each  product? 

17.  Paper  is  produced  at  one  mill  in  rolls  180  inches  wide.  When  narrower  rolls  are 

required,  the  180-inch  roll  is  cut  to  the  appropriate  width.  The  following 
order  is  received  at  the  store: 

(1)  supply:  6,000  yd-  -  60  in.  wide 

4,000  yd.  -  84  in.  wide 
3,000  yd.  -  124  in.  wide 
3,000  yd.  -  36  in.  wide 
2,000  yd.  -  24  in.  wide 
2,000  yd."-  12  m.  wide 

(2)  No  roll  should  be  shorter  in  length  than  500  yd. 

Formulate  the  problem  as  a  linear  programing  one. 

18.  A  quantity  Q  of  semiperishables  is  held  in  stock.  The  goods  maintain  their  full 

value  during  the  cycle,  but  any  residual  stock  carried  over  to  the  next  cycle 
loses  Cl  in  value  per  unit,  and  if  left  for  a  later  cycle,  it  loses  a  further  amoimt 
of  Cs  in  value,  and  so  on.  After  several  cycles  we  find  that  we  have  fresh 
units,  units  one  cycle  old,  Qt  units  two  cycles  old,  and  so  on.  If  a  quantity  D 
is  to  be  withdrawn  from  the  stock,  what  sequence  of  issue  should  be  specified 
(i.e.  from  which  classes  of  goods  should  the  D  units  be  taken)  to  reduce  the 
loss  of  value  to  a  minimum?^ 

19.  A  newspaper  vendor  buys  y  papers  for  3  cents  a  copy  and  sells  x  copies  for 

5  cents  a  copy.  The  news-stand  is  located  at  a  railway  station  where  200 
customers  reach  the  station  every  morning  and  buy  one  paper  each.  Another 
50  potential  customers  arrive  at  the  station  in  a  bus,  and  if  it  arrives  early, 
each  customer  buys  a  paper,  but  if  the  bus  is  late,  none  buys  a  paper.  Assume 
that  the  bus  arrives  either  too  early  or  too  late  (i.e.,  never  precisely  on  time) 
and  that  the  probability  of  its  being  early  is  50  per  cent. 

Find  the  optimal  number  of  copies  y  that  the  vendor  should  buy  in  order 
to  maximize  his  profits.  Plot  the  profit  function  for  the  range  y  =  150  to 
y  =  300  copies.® 

^Ibid. 

®  From  “The  mventory  problem,”  by  J.  Laderman,  S.  B.  Littauer,  and  L.  Weiss,  American 
Statistical  Association  Journal,  December,  1953. 
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QUALITY  CONTROL 


Quality  control  is  a  subject  on  its  o^tl,  and  several  excellent  text  books  are 
available,  covering  all  the  different  aspects  of  this  field  in  great  detaO.  Quality 
inspection  acthdties,  determination  of  what  is  acceptable  and  what  should  be 
rejected,  evaluation  of  quality  control  procedures  and  techniques — al  these 
important  responsibilities  are  not  within  the  domain  of  the  production  planning 
and  control  department.  Some  aspects  of  quality  control  must  be  a  separate 
function,  undominated  by  the  interests  of  executive  departments  and  unbiased, 
so  that  objective  reports  about  the  level  of  quality  can  be  forwarded  to  the 
production  management.  It  is  obvious,  how^ever,  that  quality  control  is  so 
related  to  production  control  procedures,  that  no  treatise  on  production  plan¬ 
ning  and  control  can  be  complete  without  a  brief  reference  to  it. 

The  modem  conception  of  the  creation  and  control  of  quality,  by  definition,  means 
the  development  and  realization  of  specifications  necessary  to  produce  :economieaI!y. 
and  in  adequate  degree,  the  appearance,  efficiency,  interchangeability  and  life  which 
win  ensure  the  product’s  present  and  future  market.^ 

This  broad  definition  emphasizes  the  fact  that  there  are  two  facets  to  quality: 
its  creation  and  its  measurement.  The  measurement  function,  i.e.,  the  responsi¬ 
bility  for  determining  the  facts  during  and  after  production  takes  place,  is 
naturally  a  very  important  one,  but  measurement  by  itself  does  not  constitute 
control.  The  facts  must  be  analyzed,  the  discrepancy  between  what  is  desirable 
and  what  is  actually  achieved  has  to  be  evaluated,  so  that  some  positive  con¬ 
clusions  and  guiding  principles  may  be  derived  and  applied  at  all  the  stages  where 
quality  is  created,  right  from  the  development  and  design  stages  to  the  final 
assembly  lines.  Hence,  the  functions  and  purposes  of  quality  control  are: 

To  satisfy  the  customer  by  endeavoring  to  comply  with  the  declared  specifica¬ 
tions  of  the  product 

To  ensure  that  the  work  may  proceed  to  the  next  operation  (i.e.,  to  avoid 
superfluous  processing  of  faulty  goods) 

To  be  instmctive,  so  that  recurrence  of  mistakes  could  be  eliminated 

^  Quality,  its  creation  and  control  (The  Institution  of  Production  Engineers,  London, 
1958). 
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To  compare  the  quality  level  obtained  with  the  desirable  level  as  a  basis  for 
process  control,  detection  of  trends  and  process  adjustment  procedures 

To  determine  the  optimal  quality  obtainable  for  available  processes  and  to 
provide  useful  guides  for  specifications  at  the  design  stage 

To  reduce  scrap  to  an  economic  level 

To  facilitate  a  procedure  whereby  incentive  payments  will  not  be  made  for 
faulty  output 

To  make  the  operators  aware  of  the  fact  that  their  work  is  being  inspected 
and  that  origin  of  faults  can  be  traced  (this  usually  has  a  positive  psychological 
effect  in  that  operators  pay  more  attention  to  the  quality  of  their  work) 

To  allow  review  of  the  quantity  required,  so  that  allowance  can  be  made  for 
faulty  work^ 

To  evaluate  existing  inspection  methods  and  design  better  and  more  effective 
procedures 

Some  aspects  of  quality  were  discussed  in  Chapter  5  in  connection  with  stan¬ 
dards  specifications  in  product  development  and  design.  Not  all  quality  attri¬ 
butes  are  easily  definable.  Physical  dimensions  (such  as  length,  area)  or  physical 
and  chemical  properties  of  materials  (strength,  weight,  composition,  etc.)  lend 
themselves  to  straightforward  quantitative  definitions.  All  that  is  required  is: 

1.  To  design  comparatively  simple  and  quick  testing  techniques  with  which 
these  attributes  can  be  measured. 

2.  To  define  what  is  “good”  and  what  is  “bad”;  this  usually  takes  the  form 
of  a  range  within  ivhich  performance  is  considered  to  be  acceptable,  so  that 
results  outside  the  range  render  the  product  unsatisfactory. 

There  are,  however,  many  quality  characteristics,  which  are  not  easy  to  define, 
in  the  form  of  tolerances,  such  as  cleanliness,  brightness,  whiteness,  smoothness, 
characteristics  of  surface  textures,  irregularities  (spots,  stains,  blemishes), 
taste  (in  food  and  drink),  smell,  and  softness.  Admittedly,  some  of  these  charac¬ 
teristics  can  perhaps  be  defined  and  measured  by  indirect  methods.  Milk  bottles, 
for  instance,  have  to  be  clean  before  filling,  and  therefore  empty  bottles  move  on 
a  conveyor  belt  and  are  inspected  before  they  are  passed  to  the  filling  machines. 
When  the  inspector  is  a  human  operator,  he  may  find  it  extremely  difficult  to 
define  a  satisfactory  criterion  of  cleanliness  to  guide  him  in  passing  or  rejecting 
the  empty  bottles. 

Furthermore,  we  often  find  that  standards  for  acceptance  may  vary  for  dif¬ 
ferent  operators  or  even  for  the  same  operator  at  different  times  of  the  day.  One 
indirect  way  of  defining  cleanliness  would  be  by  the  amount  of  light  allowed  to 

^Example:  1,000  units  are  required  of  a  product,  which  passes  three  processes.  It  was 
foxind  that  process  1  incurs  3  per  cent  defects;  process  2,  10  per  cent;  process  3,  2  per  cent. 
If  the  quantity  to  specify  is  r,  after  the  first  process  there  are  only  0.97a;  unit;  after  the 
second  process,  (0.97a:)0.90;  and  after  the  third  process,  (0.97  x  0.90a;)0.98;  hence 

0.97  X  0.90  X  0.98a;  =  1,000 
X  =  1,170  units 
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pass  through  the  bottle;  in  other  words,  it  is  assumed  that  dirt  consists  of 
undesirable  material  residues  that  are  somewhat  more  opaque  than  the  clean 
bottle,  so  that  if  the  bottle  is  subjected  to  a  source  of  light  of  constant  intensity, 
the  amount  of  hght  passing  to  the  other  side  wffl  become  a  measure  of  cleanli¬ 
ness.  We  need  m  this  case  an  instrument  with  which  the  intensity  of  the  light  can 
be  measured,  and  this  can  be  provided  by  a  photoelectric  ceh  located  on  one 
side  ot  the  conveyor,  which  in  turn  can  be  easOy  connected  to  a  mechanical 
sor  mg  device.  It  is  still  debatable,  however,  whether  this  method  is  adequate  and 
satistactory  for  defining  and  determining  the  level  of  cleanliness,  and  indeed 
with  some  of  the  other  characteristics  mentioned  above,  the  problem  of 
defimtion  and  measurement  becomes  even  more  complicated. 


Stages  in  Quality  Control 

There  are  seven  stages  in  quahty  inspection,  each  designed  for  a  specific 
purpose,  and  each  requiring  a  varying  degree  of  emphasis  in  the  quality  control 
procedural  structure,  depending  on  the  type  of  industry,  size  of  plant,  type  of 
production,  the  intricacy  of  operation  sequences,  rehability  of  the  processes,  etc. 

Inspection  of  incoming  materials  and  bought  out  components 

It  is  necessary  to  ensure  that  the  materials  and  components  bought  outside 
are  not  inferior  and  are  not  likely  to  jeopardize  the  performance  of  the  final 
product  in  any  way.  The  inspection  is  carried  out  at  two  separate  points,  the 

purchaser's  and  the  vendor's  plants. 

Inspection  at  the  purchaser's  plant 

Before  the  materials  and  components  are  allowed  to  enter  the  r^ular  stor^, 
one  of  three  methods  are  employed. 

1.  Complete 3  or  100  per  cent  inspection:  this  is  tedious,  lengthy,  and  costlv. 

2.  Sample  inspection:  the  sampling  procedure  is  so  designi^  as  to  ensure 
effective  detection  of  deviations  from  the  specifications  at  reasonably  low  costs 
(see  acceptance  sampling). 

3.  A  combination  of  the  two  methods  is  used,  the  procedure  being  basically 
one  of  sampling  but  allowing  for  bigger  samples  or  even  100  per  cent  inspection 
to  be  undertaken  should  the  percentage  or  number  of  defects  exceed  a  pre¬ 
determined  level  (a  provision  is  often  made  that  extra  costs  ineurred  bv  KM)  |^r 
cent  inspection  are  to  be  borne  by  the  vendor). 

Inspection  on  the  vendor^s  premises 

Apart  from  the  vendor’s  own  irispection  the  purchaser's  inspectors  may  check 
the  processes  and  operation  conditions  (e.g.,  temperature  and  pressure  of 
materials  during  the  operations)  to  ensure  that  th^e  conform  to  methods  and 
procedures  previously  agreed  upon.  Inspection  at  the  vendor’s  end  greatly 
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reduces,  although  it  does  not  always  completely  eliminate,  inspection  at  the 
purchaser's  end. 

Once  the  inspection  results  are  known,  they  can  be  used  to: 

1.  Authorize  admission  to  the  stores  and  payment  to  the  vendor,  or  refusal 
to  accept  mth  all  the  consequences  (return  to  vendor  for  further  processing, 
legal  actions,  etc.). 

2.  Evaluate  to  what  extent  the  specifications  as  laid  down  are  realistic. 

3.  Evaluate  vendor’s  reliability  with  respect  to  quality. 

4.  Study  alternative  quality  inspection  procedures. 

Inspection  of  facilities 

The  next  stage  is  to  verify  whether  the  production  facilities  are  up  to  an 
acceptable  standard  of  performance,  and  this  responsibility  rests  with  the 
maintenance  department.  A  record  card  is  kept  for  each  machine  so  that  a 
complete  history  of  the  machine  is  available  at  all  times,  to  tell  us  the  frequency 
and  type  of  breakdowns,  details  about  repairs,  etc.  Inspection  of  the  machines  is 
carried  out  at  regular  intervals  (in  conjunction  with  preventive  maintenance) 
and  whenever  there  are  complaints  from  operators  or  the  quality  control  depart¬ 
ment  about  inconsistencies  in  performance,  too  frequent  settings  and  adjust¬ 
ments,  and  so  on.  These  records  are  very  useful  w4en  comparing  the  desirable 
product  specification  with  the  capabilities  of  the  machines  and  in  studying 
optimal  maintenance  schedules. 

“First-off”  inspection 

The  first  component  (or  several  first  components)  of  a  batch  or  a  production 
run  must  be  very  carefully  inspected  in  order  to  determine  w^hether  machines 
are  properly  set  for  production.  The  responsibility  for  first-off  inspection  rests 
with  the  inspection  department,  and  in  shops  engaged  on  job  or  batch  production, 
it  is  not  uncommon  to  find  ‘"first-off  inspectors”  whose  sole  responsibility  is  to 
ascertain  that  the  first  units  coming  off  the  line  conform  with  the  specifications 
laid  down,  formally,  the  operator  does  not  proceed  with  production,  unless  he 
gets  the  inspector's  approval  of  the  first  units. 

This  procedure  ensures  that  no  scrap  is  meanwiiile  produced  and  that  further 
alignment  of  the  machines  is  carried  out  before  full-scale  production  is  embarked 
upon.  However,  it  implies  that  the  operator  is  idle  from  the  moment  the  first-off 
component  is  finished  until  the  inspector  gives  his  final  decision,  and  this  may 
become  a  serious  problem  in  a  shop  w^here  many  first  jobs  have  to  be  frequently 
inspected  by  a  comparatively  small  number  of  inspectors,  so  that  first-off  jobs 
are  made  to  wait  in  a  queue  until  an  inspector  becomes  available  to  inspect  them. 

Inspection  by  self-control 

The  ultimate  responsibility  for  the  standard  of  quality  rests  with  the  operator 
who  makes  the  product  and  this  is  why  inspection  by  self-control,  whenever 


Qtmlity  Control  529 


possible,  is  to  be  greatly  encouraged.  The  operator  is  acquainted  with  the 
specifications  of  his  work,  and  where  quality  characteristics  are  well  defined 
quantitatively,  he  can  often  apply  a  few  simple  checks  to  Ms  finished  work,  so 
that  he  can^  take  corrective  action  immediately  on  Ms  own  initiative.  Self- 
control  is  particularly  desirable  whenever  the  work  cycle  involves  operator  idle 
time  to  such  an  extent  that  by  imposing  an  independent  task  on  the  operator 
(such  as  an  inspection),  the  cycle  time  would  not  be  expected  to  increase.  The 
advantages  of  self-control  are  numerous: 

Production,  inspection,  information,  and  adjustment  follow  in  rapid  succ^sion; 
there  should  be  no  delay  in  responding  to  any  deviations  from  the  specifica¬ 
tions,  as  this  self -regulating  mechanism  has  both  the  authority  to  originate 
information  about  errors  and  to  take  steps  to  eliminate  them. 

If  self-control  is  carried  out  conscientiously,  less  scrap  should  be  expected. 

The  operator  may  be  held  fully  responsible  for  the  quality  of  his  work  because 
he  does  not  have  to  wait  for  the  inspection  department  to  tell  him  how  weH 
he  is  doing. 

Operator  time  is  better  utilized  and  less  inspectors  are  required. 

Inspectors’  control  after  operations 

Self-control  reduces  the  amount  of  control  to  be  exercised  by  inspectors,  hut 
it  does  not  eliminate  it,  since  self-control  may  be  biased,  especialy  in  cases  of 
payment  by  output.  Inspection  of  components  should  be  carried  out  as  cli^  in 
time  to  the  operation  as  possible,  if  the  inspection  is  to  he  effective  and  if  the 
risk  of  having  many  faulty  components  as  w’ork  in  process  is  to  be  eliminated. 
An  example  of  delayed  inspection  was  given  in  Chapter  7  in  Fig.  7-13a,  where 
the  layout  provided  for  a  special  store  of  finished  a^emblies  a  waiting  inspection. 
When  serious  deviations  from  the  specifications  occur,  a  considerable  amount  of 
jfinished  assemblies  may  be  faulty  before  tMs  fact  is  discovered.  In  Fig.  7-13h 
the  inspection  is  integrated  into  the  line  and  response  is  appreciably  quicker. 
Figure  7-14  is  another  example  of  prompt  inspection,  the  inspector's  bench 
being  located  right  in  front  of  the  machine. 

Inspectors  ma3^  either  be  assigned  to  check  particular  operations  or  be  charged 
with  a  variety  of  tasks,  depending  on  the  amount  of  work  involved.  Static 
inspectors,  assigned  to  particular  jobs,  are  more  common  when  100  per  cent 
inspection  is  required,  and  then  integration  into  the  production  line  (as  suggested 
by  the  example  in  Fig.  7— 13b)  is  MgMjr  desirable.  When  only  a  certain  percentage 
of  the  work  is  inspected,  it  is  common  to  find  patroling  inspectors,  who  wander 
from  one  production  center  to  another,  either  in  a  regular  or  a  random  fasMon. 
In  some  case  studies,  it  was  found  undesirable  to  assign  to  the  same  inspectors 
both  first- off  tasks  and  routine  inspection  resp3nsibilit3:  because  of  the  excessive 
idle  time  incurred  by  machines  after  first-off  jobs  waiting  for  inspector's  appro¬ 
val.  With  the  introduction  of  some  priority  rules  for  inspection,  however,  tMs 
situation  can  be  somewhat  improved. 
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Final  inspection 

The  main  purpose  of  final  inspection  is  not  so  much  to  provide  data  for 
immediate  action  as  it  is  to  ensure  that  only  products  of  a  predefined  quality 
standard  are  allowed  to  leave  the  plant  and  be  offered  to  customers.  Its  second 
important  function  is  to  provide  a  basis  for  evaluation  of  quality  performance 
on  a  somewhat  broad  basis.  This  evaluation  will  include  the  critical  study  and 
comparison  of  processes,  reassessment  of  inspection  procedures  along  the  line, 
calculations  of  amount  of  faulty  work  and  scrap,  and  their  effect  on  the  cost 
analysis. 

An  example  of  a  final  inspection  layout  was  illustrated  in  Chapter  7  in  Fig. 
7-15,  where  inspection  stations  are  located  along  a  conveyor  line,  each  station 
checks  certain  characteristics  and  (if  the  product  does  not  satisfy  the  specifica¬ 
tions)  stops  its  advance  to  the  next  processing  station. 

Post-sales  quality  evaluation 

The  product  may  have  passed  the  final  inspection,  but  does  it  render  satis¬ 
factory  service?  The  study  of  post-sales  quality  may  follow  several  lines  of 
investigation: 

1.  How  many  rejects  were  returned  by  customers?  How  can  the  defects  be 
classified?  Which  defects  may  be  attributed  to  the  storage  period  after  produc¬ 
tion  and  final  inspection?  How  could  defects  pass  all  the  inspection  barriers 
prior  to  sales? 

2.  How  many  claims  were  there  for  servicing  at  the  customer’s  end  after 
sales;  what  types  of  repairs  were  required  and  what  is  their  significance? 

3.  What  inferences  about  the  quality  of  the  product  in  use  can  be  made  from 
customers’  reports? 

4.  What  conclusions  may  be  drawn  from  after-sales  surveys? 

Acceptance  Sampling 

When  we  purchase  materials  or  subcontract  work,  we  have  to  decide  upon  an 
inspection  procedure  by  means  of  which  we  can  check  whether  the  goods  con¬ 
form  to  the  specifications.  As  mentioned  above,  we  can  either  resort  to  100  per 
cent  inspection  or  to  sampling  techniques.  Complete,  or  100  per  cent,  inspection 
is  usually  considered  to  be  more  reliable,  although  there  is  ample  evidence  that 
it  is  by  no  means  foolproof.  Even  competent  inspectors  err  from  time  to  time, 
passing  faulty  articles  and  rejecting  good  ones,  and  errors  seem  to  mount  when 
the  inspection  task  is  highly  repetitive  and  exceedingly  boring.  Furthermore, 
100  per  cent  inspection  is  fairly'  expensive,  since  every  single  unit  requires 
handling,  unpacking,  and  perhaps  repacking,  and  is  thus  time  consuming. 

Probability  of  finding  defectives  in  a  sample 

In  acceptance  sampling,  decisions  about  the  quality  of  the  goods  are  made  on 
the  basis  of  a  comparatively  small  sample  taken  from  each  consignment  or  lot. 
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If  the  sample  conforms  to  the  specifications,  the  whole  lot  is  accepted;  if  it  does 
not,  the  whole  lot  is  rejected.  In  this  way  routine  and  boredom  are  elimiiiated, 
and  there  is  a  good  chance  that  inspection  will  be  carried  out  with  great  care  and 
that  results  will  be  both  reliable  and  fairly  quick. 

There  is,  however,  a  certain  amount  of  risk  involved  in  acceptance  sampling: 
As  the  sample  is  taken  at  random  from  the  lot,  it  is  possible  that  it  will  not  posses 
the  same  qualities  as  the  lot,  and  if  the  sample  fails  to  reveal  defective  compo¬ 
nents,  the  purchaser  may  accept  a  lot  which  in  fact  contains  too  high  a  per¬ 
centage  of  defectives  (this  is  the  purchaser’s  risk).  Alternatively  the  sample  mav 
contain  too  many  defective  items,  leading  to  rejection  of  a  lot  that  in  fact  has  a 
lower  percentage  of  defectives  than  a  predetermined  critical  level  (this  is  the 
vendor’s  risk). 

What  are  the  chances  that  the  sample  will  reveal  defective  articles?  Supposing 
we  have  a  lot  of  1,000  units,  100  of  which  are  known  to !:»  defective.  If  a  sample 
of  n  units  is  taken,  and  if  the  sample  were  to  reveal  the  true  character  of  the  lot, 
we  w’'ould  have  obtained  after  inspection  0.9n  good  units  and  0.1«  defectives. 
The  probability  that  a  umt  taken  from  the  lot  at  random  would  he  a  good  one  is 
0.90;  that  it  would  be  a  faulty  one,  0.10.  The  chances  that  two  units  taken  in 
succession  would  be  all  right  are  0.90  x  0.90;  the  chances  for  three  good  units  in 
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Figure  19-1.  Frobability  of  mecept- 
ing  a  lot  irhem  the  satnple  size  is  5 
and  when  a  lot  is  accepted,  prorided 
no  defectives  are  found. 


a  row  are  0.90^,  etc.;  and  the  chances  that  the  sample  of  five  units  will  oDutain 
no  defectives  is  0.90^  =  0.590.  In  short,  the  probability  that  a  sample  of  » 
units  wall  have  no  defectives  is  given  by  f”,  where  q  is  the  actual  proportion 
of  good  articles  in  the  lot.  K  the  sampling  plan  calls  for  rejection  of  the  lot, 
should  it  reveal  even  one  defective,  the  chances  that  it  will  be  accepted  when  it 
does  contain  defective  items  is  shown  in  Mg.  19“1,  which  indicates  (for  »  =  5} 
the  risk  involved  to  the  purchaser  by  using  this  particular  method. 
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What  are  the  chances  that  the  sample  will  contain  one  defective,  or  two,  ©r 
three?  The  answer  is  given  by  the  expansion  of  the  binomial  expression  (p  +  f)*, 
where 

p  —  proportion  of  defective  articles  in  the  lot 
q  =  proportion  of  good  articles  in  the  lot  (note  that  p  +  q  =  1) 
n  =  number  of  units  in  the  sample 


The  chances  that  r  units  wdll  be  defective  in  the  sample  are  given  by  the  term 
or  by 

m! 


ri(’a  —  r)i 


j^rgn- 


In  the  example  cited  above  for  a  sample  of  five  units,  we  have  p  =  0.10, 
q  =  0.90,  n  =  5,  and  the  probabilties  for  revealing  rejects  are  given  in  the 
accompanying  table. 


No.  of  Defectives 
r  =  0^ 

1 


3 

4 

5 

*  By  dejSnition,  01  =  1. 


5! 

oTS 

51 

1!  4! 
5! 

2! . 3! 

5! 

3!  2! 
5! 

4!  1! 
5! 

5!  0! 


Prohahiliiy 

0.905  =  1  X  0.905  ==  0.590 

0.10  X  0.90«  =  5  X  0.10  X  0.90^  =  0.328 

0.10®  X  0.90®  =  10  X  0.10®  X  0.90®  =  0.07.3 

0.10®  X  0.90®  =  10  X  0.10®  X  0.90®  =  0.008 

0.10^  X  0.90  =  5  X  0.10^  X  0.90  =  0.0005 

0.10®  =  1  X  0.10®  =  0.00001 


Total  =  1.000 


Some  sampling  plans  specify  acceptance  if  no  more  than  a  certain  number  of 
defectives  is  found  in  the  sample.  If  in  the  above  example  no  more  than  one 
defective  per  sample  is  allowed,  the  probability  of  acceptance  is  the  sum  of 
probabilities  for  r  —  0  and  r  =  1,  or  0.590  +  0.328  =  0.918.  Thus  the  risk  for 
the  purchaser  increases  accordingly,  as  suggested  in  Fig.  19-2,  where  the  lower 
curve  stands  for  the  probability  of  acceptance  when  r  =  0  (as  in  Fig.  19-1),  the 
the  second  curve  is  for  r  =  1,  and  the  top  curve  is  the  sum  of  the  other  two. 
The  purchaser  is  naturally  interested  in  reducing  his  risk  as  much  as  possible. 
The  producer,  too,  wants  to  minimize  the  risk  of  his  products  being  turned  down 
on  poor  evidence.  But  both  sides  realize  that  absolute  certainty  can  be  attained 
only  with  100  per  cent  inspection  (assuming  no  errors  in  inspection),  which  is 
far  too  costly.  This,  in  short,  is  the  purpose  of  acceptance  sampling;  to  provide 
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economic  procedures  that  have  a  fairly  good  chance  of  revealing  the  true 
character  of  the  lot,  and  thus  become  a  part  of  a  formal  agreement  between 
vendor  and  purchaser  as  to  the  definition  of  quality  and  determination  of  whether 
the  lot  complies  with  it. 


Figure  19-2.  Ihrobability  of  accept¬ 
ing  a  lot  when  the  sample  may 
contain,  no  more  than  the  defecfire 
sample  size,  ti  =  5. 


Sampling  plans 

The  two  main  factors  that  characterize  acceptance  sampling  procedures  are 
the  sample  size  and  the  sampling  plan,  or  the  number  of  successive  samples  that 
need  be  taken  in  the  process  of  arriving  at  a  final  decision  about  the  quality  of 
the  lot.  Determining  the  sample  size  as  a  certain  percentage  of  the  lot  is  common 
when  the  lot  is  comparatively  small;  otherwise  the  sampling  plans  usually  call 
for  a  certain  number  of  units  to  be  inspected,  irrespective  of  the  lot  size.  As  for 
sampling  plans,  they  may  be  classified  into  three  broad  groups  (see  Fig.  19-3). 

Single  scmtplmg  plmis 

One  sample  consisting  of  a  certain  number  of  units  fi  is  inspected.  If  the 
number  of  defectives  found  is  below  or  equal  to  a  certain  predetermined  accept¬ 
ance  limit,  r,  the  lot  is  accepted;  if  the  number  of  defectives  exceeds  tMs  limit, 
the  lot  is  rejected. 

Bauble  sampling  plans 

A  sample  of  n  units  is  inspected.  If  the  number  of  defects  is  below  rj_,  the  lot 
is  accepted;  if  it  is  above  a  second  limit,  (where  >  d),  the  lot  is  rejected. 
If  the  number  of  defectives  falls  between  and  fg,  the  result  is  inconclusive  and 
a  second  sample  is  taken.  The  rule  now  becomes  similar  to  that  of  a  single 
samphng  plan:  If  the  total  number  of  defectives  of  the  two  samples  is  below  a 
predeterniined  limit  the  lot  is  accepted;  otherwise  it  is  rejected. 
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Multiple  or  sequential  sampling  plans 
This  is  similar  to  the  double  sampling  plan  except  that  with  the  second  sample 
we  have  again  an  inconclusive  range  between  r^  and  r^.  Below  the  lot  is 
accepted;  above  r^,  it  is  rejected;  and  if  the  total  number  of  defectives  is  between 
and  r4,  a  third  sample  is  taken;  and  so  on.  Eventually,  after  a  number  of 
samples,  the  inspector  must  come  to  a  final  decision,  and  one  critical  limit  is  set 


n,+n2 


(i)  A  Single 
Sampling  Plan 


Reject 


Accept 


(ii)  A  Double 
Sampling  Plan 


Reject 


Accept 


(iii)  A  Multiple  Sampling  Plan 

Figure  19-3.  Single,  double,  and  multiple  sampling  plans. 
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(as  in  the  single  sampling  plan),  which  determines  whether  the  lot  is  accepts  or 
rejected.  An  example  for  a  multiple  sampling  plan  is  shown  in  Table  19-1  and 
presented  graphically  in  Fig.  19-4. 

Table  19-1 

An  Example  for  a  Multiple  Sampling  Plan 


{the  total  number  of  defectives  is  r) 


Sample  No. 

Size 

Cumulative 

Number  Inspected 

Ifr< 

Ifr> 

1 

10 

10 

0 

4 

2 

10 

20 

1 

5 

3 

10 

30 

3 

7 

4 

10 

40 

4 

8 

5 

10 

50 

5 

9 

6 

10 

60 

7 

10 

7 

10 

70 

10 

i 

Accept 

11 

1 

MefecA 

The  sample  size  and  the  sampling  plan  are  obviously  interdependent.  In 
double  and  multiple  sampling  plans  the  sample  sizes  are  smaller  than  those  in 


Figure  19—4.  ilw  eommple  for  a 
multiple  sampling  p‘km, 

{See  Table  19-1) 


the  single  plans,  the  main  purpose  being  to  save  labor  in  case  the  lot  in  question 
is  either  very  good  or  very  bad.  If  the  issue  is  clear  cut,  there  is  no  need  to  tdfee 
further  samples,  but  when  the  lot  is  of  moderate  quality  level,  the  full  procedure 
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of  the  multiple  sampling  scheme  has  to  be -used.  The  advantage  of  the  single 
sampling  plan  is  that  it  is  simple  to  nse  and  to  explain,  while  the  multiple 
schemes  are  usually  more  economic  to  use. 

Acceptance  sampling  is  one  of  the  factors  that  figures  prominently  in  assessing 
the  reliability  of  vendors  or  subcontractors.  The  other  main  factors  are  compli¬ 
ance  with  delivery  dates  and  supply  of  the  quantities  specified  in  the  orders. 
An  example  of  a  vendor’s  card  record  is  shown  in  Fig.  19-5. 


VENDOR; 

ADDRESS: 

COVERING  PERIOD  FROM .  TO 

OiOER 

NO. 

PART 

NO. 

SOTD. 

DaSVKY 

ACTUAL 

IMJVBSY 

QUANTITY 

C*EOS) 

QUANTITY 

iffiCflNras 

SAMRING 

PUN 

NO. 

INSPfCTED 

DEFEC¬ 
TIVES  IN 
SAMPLE 

X 

DEFEC¬ 

TIVES 

DECISION 

X  DEFECTIVES 

0  1  2  3  4  5  6  7 

Z03 

J/fSl 

4/1 

4/2 

5,  mo 

4om 

D-l"^ 

50 

/ 

2.0 

A 

L. 

2!8 

ME/S2 

4/20 

4/22' 

s^mm 

’6,m} 

D-2 

250 

4 

27 

A 

I 

23! 

j/mo 

5/2 

4/25 

5,.mo 

5000 

A-/ 

ISO 

5 

33 

A 

233 

j/mo 

5/5 

5/4 

4^  mo 

4000 

A"/ 

250 

7 

4.7 

236 

j/i9i 

5/20 

5/9 

48m 

4800 

D‘I 

250 

9 

6.0 

n 

_ 

— -  , . 

^ — 

— 

■as 

_ 

— - 

— - 

— 

— : 

— 

1 

F 

= 

^REMARKS:  ®  Awfife  sampiing  pim--  Accept  Reject  * 

temple  so-  z  7 

1  X  ^  r  S=  100%  INSPECTION  AT 

>  Actual  defective  S.0%  VENDOR'S  EXPENSE 

deilvery  SX«100%  INSPECTION  AT 

OUR  EXPENSE 

Figure  19-5.  Vendor^ s  record  card. 


Process  CapabiKty 

Every  production  engineer  knows  that  repetitive  production  cycles  (seemingly 
identical  in  their  conditions  and  governing  parameters)  result  in  products  that 
are  not  identical  in  their  characteristics.  The  reason  for  this  is  simply  that  the 
production  cycles  are  not  really  identical  in  every  respect.  First,  the  raw  materials 
vary  slightly  in  their  properties  from  batch  to  batch,  and  these  variations  may 
affect  the  properties  of  the  final  product.  Secondly,  operators  are  different  from 
each  other  in  their  skiU,  performance,  aptitude,  and  interest  in  their  work. 
Thirdly,  the  parameters  of  the  operations  may  change  from  cycle  to  cycle,  as 
may  the  speeds,  the  motions  of  the  operators,  and  the  characteristics  of  the 
tools  and  machines.  Fourthly,  external  conditions  such  as  temperature,  pressure, 
light,  and  humidity  may  vary.  These  causes  for  variations  in  the  production 
process  are  summarized  in  Fig,  19-6. 
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Inherent  process  variability 

The  inherent  variabilities  of  production  processes  have  long  been  recognized; 
hence  the  specifications  of  tolerances.  In  specif3?ing  physical  dimensions, 
strength,  density,  composition,  etc.,  an  ideal  quantity  is  indicated,  but  at  the 
same  time  it  is  pointed  out  that  deviations  from  this  ideal  figure  will  be  tolerated, 
provided  they  remain  within  predetermined  limits.  One  of  the  purpc^es  of 
quality  control  is  to  decide  whether  these  tolerances  are  compatible  with  the 
inherent  variabilities  of  the  processes. 


Figure  19-6.  Causes  of  vivrmiiom  in  the  production  process 
according  to  A.  Hald.  (Courtesy  EPA,  Paris;  reproduced  from 
the  OEEC  pamphlet,  “  Statistical  Quality  Control,”  1956) 


Process  variability  is  often  demonstrated  by  a  pinbafl  device,  as  shown  in 
Fig.  19-7.  Steel  balls  or  beads  are  let  from  a  store  through  a  hopper  onto  an 
array  of  pins.  The  balls  get  knocked  about  by  the  pins  as  they  fall;  sometimes 
they  are  pushed  to  the  right,  sometimes  to  the  left,  until  eventually  they  are 
collected  in  the  grooves  at  the  bottom  part  of  the  device.  The  ^distribution  of 
baUs  in  the  grooves  (see  bottom  of  Fig.  19-7)  is  said  to  be  analogous  to  the 
frequency  distribution  of  a  batch  of  components  when  they  are  classified,  say, 
according  to  their  outer  dimension.  The  peak  of  the  distribution  (or  the  groove 
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that  has  the  largest  number  of  balls)  corresponds  to  the  dimension  that  occurs 
most  often,  the  grooves  on  the  right  representing  larger  dimensions,  and  the  ones 
on  the  left,  smaller  dimensions. 


(a)  (b) 


Figure  19-7.  A  pinball  device  to  illttstraie  process 
variabilifp.  (Courtesy  EPA,  Paris;  reproduced  for  the 
OEEC  pamphlet,  “Statistical  Quality  Control/’  1956) 

If  a  large  enough  number  of  balls  are  fed  through  the  hopper,  or  if  a  large 
enough  number  of  componente  are  gaged,  the  results  would  usually  be  repre¬ 
sented  by  the  normal  (or  Gaussian)  distribution,  as  shown  in  Fig.  19-8.  Because 
it  is  so  common,  the  statistical  procedures  in  quality  control  are  based  on  the 
characteristics  of  this  distribution.  A  table  for  the  standard  normal  distribution 
is  given  as  in  the  Appendix  to  this  book,  from  which  the  reader  will  observe  that 
(see  Fig.  19-8): 

Within  the  lunits  ±0.67 a  of  the  center  line  there  will  be  50%  of  the  cases 
Within  the  limits  ±ct  of  the  center  line  there  will  be  68.3%  of  the  cases 
Within  the  limits  ±2a  of  the  center  line  there  will  be  95.5%  of  the  cases 
Within  the  limits  ±3a  of  the  center  line  there  will  be  99.7  %  of  the  cases 
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where  tr  is  the  standard  deviation  of  the  distribution.  This,  in  fact,  is  the  basis 
for  control  charts  in  quality  control,  in  which  ±3o-  limits  are  usually  adopted;  in 
other  words,  we  expect  99.7  per  cent  of  the  results  to  faU  within  the  ^3tT  limits. 


( 


Figure  10-8.  The  mormml 

and  if  results  begin  to  appear  beyond  those  limiis,  we  begin  to  feel  sneom- 

fortable. 

In  using  statistical  methods  for  process  control,  we  attempt  to  distinguMi 
between  two  sources  of  variability: 

1.  Inherent  process  variability,  caused  by  the  factors  shown  in  Kg.  19-6. 

2.  Additional,  so  to  speak,  '^external”  caus^  that  result  in  consistent  trends 
■  or  shifts  of  the  mean  value  of  the  measured  attribute. 

The  inherent  process  variability  cannot  be  removed  unle^  some  basic  change 
in  the  conditions  is  introduced,  such  as  an  over-all  repair  or  a  change  of  macMnes. 
As  long  as  the  process  variation  are  confined  to  the  inherent  proc«s  varia¬ 
bility,  the  process  is  said  to  be  in  statistical  control,  and  the  study  of  this 
inherent  variability  reveals  whether  the  process  is  capable  of  producing  work 
within  the  specifications.  Figure  19—9  shows  the  proems  variabilities  of  two 
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machines  A  and  B.  Machine  A  has  a  far  narrower  spread  than  that  of  machine  B, 
the  spread  being  determined  by  6a  of  the  corresponding  frequency  distribution 
(i.e.,  the  machine  is  expected  to  produce  work  within  this  range  in  99.7  per  cent 
of  the  time).  Suppose  the  specified  dimensions  of  the  component  are  x±a.  If 
the  tolerances  are  narrower  than  the  process  variability  of  machine  B  but  wider 
than  that  of  machine  A,  i.e., 

6a^  <  2a  <  Bars 

as  shown  in  Fig.  19-9,  and  provided  the  mean  dimension  of  the  products  can  be 
made  to  coincide  with  x,  then  we  may  conclude  that: 

1.  Machine  A  is  more  suitable  than  machine  B;  even  small  shifts  in  the  mean 
dimension  will  not  result  in  any  appreciable  amount  of  scrap. 

2.  Machine  B  will  produce  a  certain  amount  of  defectives  and  may  be  used  if 
100  per  cent  inspection  is  undertaken  to  sort  out  the  good  from  the  bad  after 
production. 


These  remarks  should  not  be  interpreted  to  mean  that  the  narrower  the  process 
variability,  the  better.  If  in  the  above  example  2a  >  dors,  machine  B  is  perfectly 
capable  of  handling  the  job,  and  we  may  find  that  by  assigning  it  to  machine  A, 
we  are  using  a  machine  that  is  far  too  precise,  and  too  costly.  The  study  of 
process  capability  is,  therefore,  an  economic  problem  that  has  to  take  into 
account  the  chances  and  effects  of  shifts  in  the  mean,  the  cost  of  operating  the 
machines,  the  cost  of  sorting  when  100  per  cent  inspection  becomes  necessary, 
and  the  loss  due  to  scrap. 
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Analysis  of  capability 

Process  capability  studies  are  carried  out  by  three  methcKis: 

1.  Analysis  of  control  charts  of  past  performances,  from  wMcb  one  can  find  the 

limits  of  the  process  for  different  tjpes  of  work  (contml  charts  are  described 
later) . 

2.  Conducting  a  trial  run  for  100  pieces  of  a  repr^ntative  compcmeiit  and 
recording  the  dimensions  in  a  form  of  a  frequency  distributioii,  fiom  which  the 
mean  dimension  ^  and  the  standard  deviation  <j  are  calculate  by 


V  n 

where  X  =  actual  dimensions 

/  ==  frequency  of  occurrence  of  each  dimension 
n  =  total  number  of  measurements  (in  this  case  ICM}) 
An  example  is  shown  in  Table  19-2. 


(19-2) 


START  HERE 


© 

Enter  gage 
rdg.  which  is 
about  aver¬ 
age  expect¬ 
ed 


@ 

Enter  other 
gage  rdgs. 
so  that  about 
16  steps  will 
cover  expect¬ 
ed  range 


Expected  range 
can  be  taken  as 
roughly  twice  the 
range  in  the  first 
five  pieces 


■§  -o 

>  .S  no. 

~  kiO/T- 

8700-^6  -i-Sy- 

8S  -#-5  *8r  - 
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Eater  fkm 
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Figure  19—10.  Example  for  a  provisumal  determinati 
“Inspection  in  Industry,”  a  Productivity  Iteport,  courtly 
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3.  Calculation  of  the  standard  deviation  through  sampling,  by  taking,  say,  ten 
samples  of  five  units  each.  An  example  is  shown  in  Fig.  19—10,  in  which  instruc¬ 
tions  for  use  have  been  incorporated. 


Table  19-2 


Determining  Process  Variability  by  a  Trial  Run  of  100  Units 


Dimension 

Deviation  x 

fx 

fx^ 

X 

from  0.500 

Number  Found 

Frequency 

(inch) 

(X  10-3  inch) 

f 

0.490 

-10 

1 

1 

-10 

100 

0.491 

-  9 

0 

0 

0 

0.492 

-  8 

1 

1 

-  8 

64 

0.493 

_  7 

0 

0 

0 

0.494 

-  6 

1 

1 

-  6 

36 

0.495 

-  5 

1 

1 

-  5 

25 

0.496 

-  4 

II 

2 

_  8 

32 

0.497 

-  3 

III 

3 

__  9 

27 

0.498 

-  2 

II 

2 

—  4 

8 

0.499 

-  1 

mi 

6 

-  6 

6 

0.500 

0 

mm 

8 

0 

0 

0.501 

+  1 

mmm 

15 

15 

15 

0.502 

+  2 

mmmm 

20 

40 

80 

0.503 

+  3 

mmm 

15 

30 

135 

0.504 

4-  4 

mm 

8 

32 

128 

0.505 

+  5 

mi 

6 

30 

150 

0,506 

+  6 

mi 

4 

24 

144 

0.507 

+  7 

III 

3 

21 

147 

0.508 

+  8 

II 

2 

16 

128 

0.509 

+  9 

1 

1 

9 

81 

0.510 

+  10 

1 

1 

10 

100 

Total 

100 

11 

I,fx‘  =  1,406 

a;  =  ^  =  1,71;  1  =  0.500  +  0.0017  Cl  0.502 


-  1.712  =  3^32 


hence  process  variability  is  Oo-  =  19.9  thousandths  of  an  inch. 


Process  Control 

One  of  the  difficult  tasks  in  quality  control  is  to  determine  how  and  at  what 
stages  in  the  production  sequence  ho  apply  process  control.  Yet,  this  is  very 
important  for  obvious  reasons:  Exercising  quality  control  where  it  is  likely  to 
yield  little  benefit  is  a  waste  of  time  and  money;  furthermore,  quality  control 
often  involves  the  collection  of  great  masses  of  data,  some  of  which  may  be 
absolutely  vital  for  analysis,  some  of  which  may  later  prove  to  be  utterly  super¬ 
fluous.  How  much  data  should  be  collected,  bearing  in  mind  that  data  collection 
and  record  keeping  is  rather  an  expensive  business? 
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Quantity  and  quality  of  data 

Naturally,  no  clear-cut  answer  can  be  given  to  this  problem,  except  that  the 
amount  of  data  collected  should  be  geared  to  the  amount  of  variations  that  occur. 
The  more  stable  the  conditions  that  govern  an  operation,  the  less  observations 
are  required  to  provide  adequate  information  about  its  parameters.  But  precisely 
how  much  information?  That  depends  on  the  level  of  quality  of  the  final  product, 
on  the  company’s  policy  regarding  quality,  on  whether  processes  demand  more 
urgent  attention;  in  short,  it  depends  on  an  ad  hoc  evaluation  of  the  quality 
situation  in  the  plant. 

Process  control  is  greatly  aided  by  continuous  measurement  of  relevant 
parameters  that  govern  the  process.  Fairly  common  in  industry  are  measure¬ 
ment  and  recording  of  temperature,  pressure,  humidity,  velocity,  forces,  etc., 
and  operators  and  machines  are  often  guided  by  time  devices  to  tell  them  when 
to  start  and  when  to  stop  an  operation.  Figure  19-11  is  an  example  of  a  record 
of  torque  measurement  in  the  mixing  of  dough  in  the  food  industry.  The  curve 
shows  how  the  consistency  of  the  dough  increases  with  time  during  the  “develop¬ 
ment”  period,  maximum  consistency  is  maintained  during  the  “stability” 
period,  after  which  the  consistency  begins  to  fall.  The  change  in  the  consistency 
characteristics  of  the  dough  with  mixing  time,  as  shown  by  the  graph,  facilitates 
a  process  control  through  which  dough  vfith  desirable  physical  properties  can 
be  obtained. 


c 

Figure  19-11.  -4fi  example  o/  pro- 
c  eess  comirol — mixing  of  damgh  -  (From 
U  “Quality  Control  in  the  Food  Industry,” 
by  J.  BE,  Busbill,  Journal  of  the  Institution 
of  Production  Engineers,  B^sember,  1951). 

0  5  10  15  20 

Mixing  time,  min 

Another  example  is  shown  in  Fig.  19-12,  which  is  a  similar  record  of  pressure 
measuren  e  its  in  the  mixing  of  rubber  in  a  mill  prior  to  tire  making.  The  raw 
material  in  this  case  was  manually  fed  into  a  rolling  mill,  and  as  the  rollers  ran 
at  different  speeds,  the  effect  of  the  rolling  was  to  spread  the  material  on  one 
roller  as  a  thick  sheet.  The  operator’s  task  was  to  peel  off  this  sheet  repeatedly 
and  refeed  the  material  to  the  mill  in  order  to  obtain  rubber  of  even  consistency. 
In  feeding  the  material,  pressure  was  applied  to  the  rollers,  and  this  is  shovm  in 
Fig.  19-12  by  the  fluctuating  curve.  The  total  time  of  the  operation  for  mixing 
one  200- pound  load  of  rubber  is  given  by  one  cycle  of  the  graph. 

Records  of  this  kind  may  be  very  useful  and  instructive  in  studying  optimal 
process  conditions.  The  roliing  mill  for  the  rubber,  for  instance,  was  run  24  hours 
a  day  by  three  operators.  The  mixing  time  per  load  was  specified  in  the  instruc- 
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tion.  sh66t  8bS  14.5  minutes  (including  the  initial  londing  opemtion  cind  final 
unloading),  but  the  total  output  figures  suggested  that  the  cycle- time  was  in 
fact  significantly  different  and  that,  on  the  average,  a  load  was  not  kept  in.  the 
Tpill  as  long  as  it  should  have  been. 


-Cycle  time- 


-Loadinb' 


Mixing- 


- I.UUUIIIU 

I  .  . 

“^Smoothing  _ _  i _ _  _ _ _ _ 

,  I  Y  I  r  1 1  y  I  'f  jl — l-JL — I - ti— M — I p 


0  10  20  30  40  50  60  70  80  90 

Time,  min. 

Figure  19-12.  An  example  of  process  control  — mixing  time  of 
rubber  in  a  mill  in  the  manufacture  of  tires. 

Analysis  of  the  records  for  mixing  time  per  load  showed  great  variations 
between  the  operators  and  also  that  the  variations  in  performance  for  each 
operator  were  rather  wide,  as  suggested  by  Fig.  19—13.  Since  the  beginning  and 
end  of  each  cycle  was  solely  determined  by  the  operator  and  since  he  had  no 
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Figure  19-13.  Cycle-time  variations  of  three  operators  working  on  a  mill  for 
mixing  rubber— before  training.  (Cycle-time  specified  in  the  job  card  =14.5  minutes.) 


Frequency  Frequency 
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timing  device  to  tell  him  how  long  he  had  been  mixing  any  particular  load,  the 
results  w^ere  not  really  surprising.  After  these  findings  had  been  explained  to 
the  operators,  their  performance  greatly  improved  (as  suggested  by  Kg.  19-14) 
but  the  need  for  training  and  introduction  of  timing  devices  (using  a  beH  or  a 
system  of  lights)  to  guide  the  operators  was  definitely  indicated.  This  example 
shows  how  process  control  can  be  instructive  and  can  lead  to  improved  per¬ 
formance. 


10  11  12  13  14  15  16  17  18  19  10  11  12  13  14  15  16  17  18  19 

Minutes  JOj  1%  Minutes 


Figure  19-14.  Cycle-time  variations  of  the  three  operators  —  after  some  fraimimg* 
{See  Figure  19-13). 

Control  Charts  in  Statistical  Qnal^  Confcol 

Three  charts  are  commonly  used  in  statistical  quality  control: 

1 .  ^  and  R  chart,  for  process  control 

2.  p  chart,  for  analysis  of  fraction  defectives 

3.  c  chart,  for  control  of  number  of  defects  per  unit 

The  descriptions  that  follow  must  of  necessity  be  brief,  and  for  a  thorough  study 
of  these  tools  and  the  statistical  theor3^  on  which  they  are  based,  the  reader  is 
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advised  to  consult  special  treatises  on  quality  control,  some  of  which  are  men¬ 
tioned  in  the  reference  list  at  the  end  of  the  chapter. 

The  X  and  R  chart 
The  purpose  of  this  chart  is  to : 

Establish  whether  the  process  is  in  statistical  control,  in  which  case  the  varia¬ 
tions  are  attributed  to  chance.  The  variability  that  is  inherent  in  the  process 
cannot  be  removed,  unless  there  is  a  change  in  the  basic  conditions  under 
which  the  process  is  operating. 

Guide  the  production  engineer  in  determining  whether  the  process  capability 
is  compatible  with  the  specifications. 

Detect  trends  in  the  process,  so  as  to  assist  in  planning  adjustment  and  resetting 
of  the  process,  or  to  show  when  the  process  is  out  of  control,  in  which  case  an 
effort  must  be  made  to  trace  the  causes  for  this  phenomenon. 

The  procedure  is  as  follows:  A  number  of  samples  of  components  coming  out 
of  the  process  are  taken  over  a  period  of  time,  each  sample  consisting  of  a  number 
of  units  taken  at  random.  For  each  sample  the  average  value  X  of  all  the 
measurements  and  the  range  E  (==  the  difference  between  the  highest  and  the 
lowest  reading)  are  calculated.  The  grand  average  X  (=  the  average  value  of  all 
the  averages  X)  and  the  average  range  5  {=  the  average  of  all  the  ranges  R) 
are  then  found,  and  from  these  we  can  calculate  the  control  limits  of  the  X  and 
R  charts,  in  which  UCL  is  the  abbreviation  for  upper  control  limit  and  LCL 
for  lower  control  limit. 

XcUrt:  VCLX^I  +  A^R 

LCL  X^X  -A^R 

R  chart:  UCL  R  =  D^R 

LCL  R  =  D^R 

where  the  factors  D4,  and  naturally  depend  on  the  number  of  items  per 
sample;  the  larger  this  number,  the  closer  the  limits.  Table  19-3  gives  values  for 
these  factors  for  various  sample  sizes  (the  symbols  being  those  conventionally 
used  in  statistical  quality  control),  based  on  the  assumption  that  the  distribution 
is  normal.  As  long  as  the  X  and  R  values  for  each  sample  are  within  the  control 
limits,  the  process  is  said  to  be  in  statistical  control. 

Table  19-3 


Factors  Used  in  the  X  and  R  Quality  Control  Charts 

{based  bn  normal  distribution) 


No.  of  Items  in  Sample 

A, 

1)3 

2 

1.88 

0 

3.27 

3 

L02 

0 

2.57 

4 

0.73 

0 

2.28 

5 

0.58 

0 

2.11 
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Table  19-3  (continued) 

JFaetars  Used  in  the  X  and  R  Quality  Control  Charts 


(based  on  normal  distributmn) 


No.  of  Items  in  Sample 

A^ 

Ds 

D, 

6 

0.48 

0 

2.00 

7 

0.42 

0.08 

1.92 

8 

0.37 

0,14 

1.86 

9 

0.34 

0.18 

LS2 

10 

0.31 

0.22 

1.78 

11 

0.29 

0.26 

1.74 

12 

0.27 

0.28 

1.72 

13 

0.25 

0.31 

1.69 

14 

0.24 

0.33 

1.67 

15 

0.22 

0.35 

1.65 

Control  chart  for  X:  UCL  X  =  X  +  A^R 
LCL  X  =  X  -  A^R 
Control  chart  for  R:  TJCL  R  =  D^R 
LCL  R  =  D^R 

Example 

In  the  production  of  an  aluminium  strip  bj  a  rolling  proce^,  the  specified 
thickness  being  0.250  (±0.010)  inch,  samples  were  taken  eveiy  30  minutes  for 
thickness  measurements,  which  are  given  in  Table  19-4.  Five  measurements 
were  taken  per  sample;  the  average  X  per  sample  and  the  range  M  are  shown  in 
the  last  two  columns.  The  grand  average  is 


^  6,3-00 

N 


0.252  in. 


where  N  is  the  number  of  samples  taken  and  the  average  range  is 

E  =  —  =  —  10-3  =,  0.0224  in. 

N  25 

From  Table  19-3  we  find  that  for  sample  size  of  five  items.  .4,  =  0.^:  =  0; 

=  2.11.  Hence 


Table  19-4 


Sample 

No. 

1 

2 

3 

4 

5 

6 
7 


'  Aluminium  Strip  Thichness 

Taken  Erery  SO 

ABnutes 

Five  MecLSurements  Per  Sample 

Areraffe 

Range 

(in  thousamiths  of  one 

imh) 

m 

(B] 

248 

264 

250 

262 

256 

256 

2§~^ 

236 

269 

258 

240 

252 

251 

33 

251 

235 

258 

247 

239 

246 

23 

255 

263 

259 

256 

257 

258 

8 

262 

250 

266 

269 

238 

257 

3! 

258 

263 

244 

243 

242 

250 

21 

247 

251 

249 

240 

253 

248 

24 
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Table  19-4  (continu&d) 


Samples  of  Aluminium  Strip  ThkAmess  Taken  Kverp  30  Minutes 


Sample 

Tive  Meamremmts  Per  Sample 

Average 

Range 

No. 

{in  thousandths  of  one 

inch) 

(R) 

{R) 

8 

242 

237 

236 

251 

249 

213 

25 

9 

270 

254 

266 

258 

262 

262 

16 

10 

242 

239 

238 

260 

246 

245 

34  / 

11 

250 

264 

252 

251 

253 

254 

14 

12 

265 

248 

251 

247 

249 

252 

18 

13 

255 

266 

264 

258 

262 

261 

11 

14 

258 

243 

250 

257 

267 

255 

24 

15 

248 

267 

261 

250 

264 

258 

19 

16 

235 

250 

236 

237 

237 

239 

15 

17 

251 

258 

236 

270 

260 

255 

34 

18 

245 

261 

240 

245 

249 

248 

36  . 

19 

250 

257 

256 

253 

254 

254 

7 

20 

235 

235 

255 

235 

235 

239 

20 

21 

255 

255 

241 

245 

254 

250 

40  V 

22 

270 

244 

269 

262 

265 

262 

26 

23 

269 

246 

258 

250 

257 

256 

23 

24 

253 

246 

251 

260 

245 

251 

15 

25 

240 

263 

257 

241 

249 

250 

23 

Total 

EX  -=  6,300 

HR 

-  560 

UCL  X  = 

X  +  A^R 

=  0.252  +  0.58 

X  0.0224  = 

0.265 

LCL  X  = 

X  ^ 

=  0.252  --  0.58 

X  0.0224 

^  0.239 

UCL  R  = 

D^R 

=  2.11  X 

0.0224  ==  0.0473 

LCLiJ  = 

D,R 

=  0 

Figure  19-15  consists  of  three  charts: 

1 .  Individual  measurements ;  this  chart  gives  a  general  picture  of  the  dispersion 
of  results. 

s'  R  chart  }  these  we  see  that  the  process  is  in  statistical  control. 

The  control  procedure  associated  with  the  X  and  R  charts  is  summarized  in 
Fig.  19-16.  Having  drawn  the  charts  and  the  control  limits,  it  is  necessary  to 
determine  whether  the  process  is  in  statistical  control.  If  it  is  not,  there  must  be 
an  external  cause  that  throws  the  process  out  of  control,  a  cause  that  is  beyond 
the  “natural”  inherent  variability  of  the  process.  This  cause  must  be  traced  and 
eliminated  so  that  the  process  may  return  to  operation  under  stable  statistical 
conditions.  Reasons  for  the  process  being  out  of  control  vary  from  faulty  tools, 
a  sudden  significant  change  in  properties  of  new  materials  in  a  new  consign¬ 
ment,  breakdovTi  of  the  lubrication  system,  faults  in  timing  or  speed  mecha¬ 
nisms,  etc.  Tracing  these  causes  is  sometimes  simple  and  straightforward,  but  in 
some  cases  it  may  be  a  rather  lengthy  and  complicated  business,  especially 
when  the  process  is  subject  to  the  combined  effect  of  several  external  causes 
simultaneously. 
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If  the  process  is  found  to  be  in  statistical  control  a  comparison  between  the 
required  specifications  and  the  process  capability  may  be  carried  out  to  deter¬ 
mine  whether  the  tw'o  are  compatible.  Should  the  specified  tolerances  prove  to  be 
too  tight  for  the  process  capability,  there  are  three  possible  alternatives: 

1.  Re-evaluate  the  specifications:  Are  the  tight  tolerances  really  nec^sarv 
for  effective  performance,  or  could  they,  perhaps,  be  relaxed  with  no  detriment 
to  the  quality  of  the  product? 

2.  If  relaxation  of  the  specifications  is  not  acceptable,  perhaps  a  more  accurate 
process  should  be  selected  for  the  purpose? 

3.  If  both  the  previous  alternatives  are  out  of  the  question,  a  ITO  |»r  cent 
inspection  must  be  undertaken,  to  sort  out  the  defective  products. 


Figure  19-15.  X  mmd  R  comiroi  eimrts..  (Sm  Table  4) 
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The  X  and  charts  are  also  u.scd'ul  for  [)urpoH(^  of  (ic^kuiting  trends  in 
production,  causing  a  consistcuit  shift  in  tii(‘  nu^an  X.  Tool  w(^ar  and  the  need  for 
resetting  machines  often  account  for  Hindi  a  Hiiift,  and  ii)  is  (‘sscaitial  to  determine 
when  machine  resetting  beconu^s  dosiraf)l(%  ix^aring  in  mind  that  too  frequent 
adjustments  are  a  serious  setback  to  production  outfnit. 


Take  adequate  number 
of  samples 

Calculate  R  for 
each  sample 

Find  1,  R 

Detenmne  control  limits 
Draw  X  and  R  charts 


Is  process  in  statistical  control? 


I£  ‘^yes” 

I 

Is  process  compatible 
with  specifications? 


If 

y 

Continue  sampling 
for  process  control 


Detect  trends  in  X 


If^no^' 


Study  following 
alternatives* 


V. 


Determine  when  to 
reset  process 


"(1)  Review  specs 
“(2)  Change  process 
(3)  100^  inspection 


■"y: 


Trace’ cause 
Remove  cause 


Continue 


sampling 


Draw  X  and  R  charts 


Is  process  in  control? 


Figiire  19-16.  Control  procedure  for  X  and  R  charts. 


Figure  19  17  shows  four  examples  of  X  charts.  The  first  three  illustrate  the 
relationship  of  process  variability  to  the  specified  tolerances;  the  fourth  chart  is 
an  example  of  an  adequate  process,  from  the  point  of  view  of  the  specifications, 
but  there  is  a  consistent  shift  in  X,  which  makes  it  necessary  to  reset  the  machine 
periodically  in  order  to  bring  down  the  value  of  X  to  a  desirable  level.  This  shift 
in  X  is  caused  by  some  basic  change  in  the  process  conditions.  Using  the  pinball 
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device  in  Fig.  19-7  as  an  illustration,  there  is  a  change  in  the  distnbution  of 
balls  collected  in  the  grooves  when  the  hopper  feeds  the  baUs  from  a  different 
position  (as  shown  in  Fig.  19-7b).  Resetting  of  the  hopper’s  position  is  required. 


Sample  number 


Figure  19-17.  Exmimples  of  X  cMmHs. 

(a)  Process  variability  comparatively  smaE. 

(b)  Spread  is  wider,  but  still  adequate. 

(c)  Process  not  compatible  with  specifications.  ^ 

(d)  Periodic  resetting  required  due  to  upward  trend  in  A. 


if  the  original  conditions  are  to  be  regained.  Evidently  the  problem  of  resetti^ 
is  closely  associated  vith  the  relationship  between  process  capability  and  the 
specifications.  Case  (a)  in  Fig.  19-17  would  require  a  smaller  number  of  maehiiie 
rLets  than  case  (h).  This  is  further  fflustrated  in  Fig.  19-18.  In  case  (a),  the 
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mean  value  X  can  sMft  a  great  deal  without  causing  a  noticeable  increase  in  the 
amount  of  defective  items.  In  case  (c),  the  process  ±3(7  spread  is  slightly  wider 
than  the  specified  tolerance,  so  that  the  amount  of  defectives  becomes  quite 
sensitive  to  the  level  of  X;  even  a  comparatively  small  shift  results  in  an  appre¬ 
ciable  increase  of  oversized  or  undersized  items,  and  frequent  process  adjustment 
becomes  inevitable. 


Upper  spec.  Itmit 


Lower  spec,  limit 
Upper  spec,  limit 


Figure  19—18-  The  effect  of  a  shift  in  the  mean  on  the  amount  of  scrap. 

{&)  Wide  tolerance  compared  with  process  capability, 

{b|  Tolemncm  comparable  to  process  capability. 

{c|  Tolerances  are  comparatively  tight,  resulting  in  excessive 
scrap,  especially  in  case  of  a  shift  in  the  mean. 

Left:  The  mean  is  halfway  between  the  lower  and  upper  spec,  limits. 

BigM:  A  downward  shift  of  the  mean. 

The  p  chart- 

The  p  (or  ''fraction  defective”)  chart  is  employed  to  control  the  general 
quality  of  the  product  and,  in  particular,  to  ascertain  "whether  fluctuations  of  the 
quality  level  of  the  product  are  due  to  chance  alone.  Again,  the  procedure  is  to 
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determine  control  limits,  and  if  the  defective  fraction  is  within  these  limits,  the 
quality  level  is  considered  to  be  in  statistical  control;  if  it  is  not,  there  is  a  strong 
indication  that  one  of  the  processes  or  operations  is  out  of  control  and  that 

further  investigation  is  necessary.  ^ 

The  basic  difference  between  the  1  and  R  chart  and  the  p  chart  is  that  the 
former  is  based  on  control  by  attributes;  in  other  words,  by  some  specific 
measurable  quality  characteristics.  We  examine  an  operation  and  decide  what 
are  the  main  features  that  ought  to  be  measured  and  proceed  to  construct  an 
X  and  R  control  chart  for  each  feature  or  attribute  (this  is  the  formal  term  used 
in  statistical  quality  control).  First,  however,  we  often  find  these  attributo 
difficult  to  define  and  to  measure  quantitatively,  and  secondly  (even  if  we 
the  number  of  charts  that  would  be  required  would  be  prohibitive.  The  X  and  i? 
chart,  though  an  effective  tool,  cannot  be  used  in  excess,  and  sometimes  cannot 
be  used  at  all.  The  p  chart,  on  the  other  hand,  keeps  a  record  of  the  percentage 
of  defective  items,  irrespective  of  the  cause  of  the  defects,  and  thereby  provides 
an  over-all  picture  of  quality  level.  It  can  sometimes  replace  the  X  and  R  chart 
if,  say,  “go-no  go”  gages  are  used,  without  actual  measurements  of  the  attribute 
being  recorded.  It  may  suggest  that  some  processes  should  he  subjected  to 
and  R  control  charts,  and  in  this  way  initiate  and  coordinate  further  mvestiga- 

tion  and  control.  r-  j  r  i.- 

Fraction  defective  p  is  simply  defined  as  the  ratio  of  the  number  of  defective 

items  to  the  total  number  of  items  inspected.  The  control  limits  of  the  charts 


are  given  by: 


TJCLp  =?)'  -f 
lJCLp=p' 


(19-4) 


where  p'  is  the  desirable  ratio  of  the  total  number  of  defectives  found  to  the  total 
number  inspected;  is  the  standard  deviation  of  the  desirable  distribution  o 
fraction  defectives,  and  from  statistical  theory  it  is  known  that 


(19-d) 


where  n  is  the  number  of  units  inspected.  To  start  with,  the  value  of  p  is  esti¬ 
mated  by  p,  which  is  the  ratio  of  the  total  number  of  defectives  actuaUy  fo^d 
in  all  samples  to  the  total  number  inspected  in  aU  samples.  Hence  the  control 
limits  of  the  p  chart  ,  when  p'  is  sul^tituted  by  p  (called  trial  control  limtis  for  p), 

are 


(19-6) 


LCLj5  =  P  — 3 


554  Production  Planning  and  Control 


Example 

In  the  production  of  tircB,  the  output  of  a  glvon  nize  waH  iiLspocted  every  day 
prior  to  the  tires  being  delivered  to  the  finished  goods  stores.  The  number  of 
defectives  found  every  day  was  summarizc^d  in  Tables  1  b  5,  from  which  the  mean 
fraction  defective  f  and  the  control  limits  werc^  c^ahndated.  I'he  control  chart  for 
fraction  defective  for  this  example  is  shown  in  P'ig.  lO-lO. 


Table  19-5 


Inspection  Besults  for  Percentage  Defectives  of  Tires 


Date 

Number 

Defectives 

Fraction 

3a 

p  +  3a 

p  -  3a 

Inspected 

Defective 

(P) 

March  1 

600 

77 

0.128 

0.040 

0.164 

0.084 

2 

500 

78 

0.156 

0.044 

0.168 

0.080 

3 

540 

66 

0.122 

0.043 

0.167 

0.081 

4 

620 

93 

0.150 

0.040 

0.164 

0.084 

5 

680 

99 

0.146 

0.038 

0.162 

0.086 

6 

660 

112 

0.170 

0.039 

0.163 

0.085 

8 

660 

79 

0.120 

0.039 

0.163 

0.085 

9 

720 

89 

0.124 

0.037 

0.161 

0.087 

10 

750 

80 

0.107 

0.036 

0.160 

0.088 

11 

710 

85 

0.120 

0.037 

0.161 

0.087 

12 

680 

73 

0.107 

0.038 

0.162 

0.086 

13 

660 

74 

0.112 

0.039 

0.163 

0.085 

15 

660 

83 

0.126 

0.039 

0.163 

0.085 

16 

500 

68 

0.136 

0.044 

0.168 

0.080 

'17 

540 

54 

0.100 

0.043 

0.167 

0.081 

18 

580 

61 

0.105 

0.041 

0.165 

0.083 

19 

620 

60 

0.097 

0.040 

0.164 

0.084 

20 

660 

112 

0.170 

0.039 

0.163 

0.085 

22 

700 

83 

0.119 

0.037 

0.161 

0.087 

23 

750 

60 

0.080 

0.036 

0.160 

0.088 

Total  12,790  1,586  -  1,586 

12,790 
==  0.124 


Figure  19-19.  A  fraction  defective  control  chart.  {See  Table  19-5) 
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The  c  chart 

The  c  chart  is  used  for  the  control  of  the  number  of  defects  observed  per  unit. 
The  difference  between  the  p  chart  and  the  c  chart  is  that  the  former  takes  into 
account  the  number  of  items  found  defective  in  a  given  sample  size  (each  defec¬ 
tive  item  may  have  one  or  more  defects  in  it),  while  the  latter  records  the  number 
of  defects  found  in  a  given  sample  size.  Although  the  application  of  the  c  chart- 
is  somewhat  limited,  compared  with  the  p  chart,  there  are  many  instances  in 
industry  where  it  is  very  useful;  e.g.,  in  the  control  of  the  number  of  defects  in 
textile  material,  the  number  of  stains  or  blemishes  on  a  surface,  the  number  of 
defects  on  soiled  packages  in  a  given  consignment,  etc. 

The  construction  of  the  control  chart  is  similar  to  that  of  the  p  chart  except 
that  here  the  control  limits  are  based  on  the  Poisson  distribution,  which  has 
often  been  found  fit  to  describe  distributions  of  defects.  The  control  limits 
for  the  chart  are 

UCL  c  =  c'  +  S\/c' 

(19-71 

LCL  c  =  c'  - 

where  c'  is  the  desirable  level  of  the  number  of  defects  per  unit  and  is  the 
standard  deviation  of  the  Poisson  distribution,  and  to  start'  with  c'  is  estimated 
by  c,  which  is  the  average  number  of  observe  defects  per  unit  (being  the 
ratio  of  the  total  number  of  defects  found  in  all  units  or  samples  to  the  total 
number  of  units  or  samples  inspected),  so  that  the  ^timated  control  limits  are 


UCL  c  =  c  4* 

LCL  c  =  c  —  3%/c 


(19-8) 


Whenever  c  <  3^c,  so  that  the  LCL  is  negative,  it  is  taken  as  being  §. 


Sumnm-y 

Problems  in  quality  control  may  be  classified  as  follows: 

1.  How  to  define  quality  and  how  to  measure  it?  Some  attribute  are  easily 
measurable;  some  characteristics  are  somewhat  complicated  to  define. 

2.  At  what  stages  to  inspect  and  after  what  operations?  The  various  stag^  of 
inspection  include  incoming  materials,  production  facilities,  “first-off”  inspection, 
process  control,  final  product  inspection,  and  post-sales  evaluation. 

3 .  Ho  to  inspect  ?  This  would  include  selection  of  measuring  devices,  deciding 
how  much  to  leave  to  self-inspection  by  the  operators,  determination  of  inspec¬ 
tion  methods  (100  per  cent  or  sampling  plans). 

4.  Where  to  inspect?  Inspection  can  be  centralized,  located  along  the  prcxiuc- 
tion  line  as  a  sorting  station,  or  it  may  he  carried  out  by  patroling  inspectors. 

5.  Can  and  should  statistical  quality  control  be  employed?  The  two  main 
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tools  used  in  statistical  quality  control  are  acceptance  sampling  and  control 
charts: 

(i)  Acceptance  sampling  plans  prescribe  the  sample  size  on  which  decision 
to  accept  or  reject  the  whole  lot  will  be  made;  there  are  single,  double,  or  multiple 
sampling  plans. 

(ii)  Control  charts  are  used  in  order  to  ascertain  the  behavior  of  the  produc¬ 
tion  processes : 

(a)  The  X  and  R  charts  are  used  for  control  of  specific  measurable 
attributes.  The  X  chart  reveals  trends  in  the  mean  value  of  the 
attribute  and  provides  useful  guidance  for  resetting  processes. 
The  R  chart  controls  the  uniformity  of  the  products. 

(b)  The  p  charts  for  fraction  defectives  control  the  percentage  of 
defectives,  irrespective  of  specific  attributes.  They  are  useful  for 
indication  of  the  general  quality  level,  for  initiating  X  and  R  charts 
for  selected  operations,  and  for  analyzing  the  discrepancy  between 
the  desired  level  of  quality  to  that  actually  obtained. 

(c)  The  c  charts  are  used  for  control  of  defects.  These  charts  often  lead  to 
classification  of  defects  and  to  studies  of  methods  to  reduce  them. 

6.  How  to  evaluate  quality?  This  includes  studies  of  process  capabilities, 
critical  assessment  of  specifications  and  tolerances,  and  finally,  evaluation  of  the 
effectiveness  of  the  quahty  control  methods  employed  in  the  plant. 
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Problems 

1.  The  acceptance  sampling  procedure  in  one  plant  specifies  that  5  per  cent  of 
the  incoming  lot  should  be  inspected,  and  if  no  defectives  are  found,  the  lot 
is  accepted.  Show  that  the  probability  of  acceptance  varies  with  the  lot  size. 
Plot  the  probability  of  acceptance  against  the  actual  percentage  of  defective 
when  the  lot  size  is  2,000,  1,000,  500,  200,  100  units. 
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2.  For  the  following  double  sampling  plan,  find  the  probability  of  acceptance  of 

the  lot,  when  it  is  known  to  contain:  (i)  2%  defective  items;  (ii)  10°o  defective 

items. 

Sample  No.  Quantity  Acceptance  Number  Bejecimn  Number 

1  10  1  4 

2  20  3  4 

3,  For  the  following  multiple  sampling  plan,  plot  the  probability  of  acceptance  of 

a  large  lot,  when  the  percentage  defective  varies  from  0  to  10-  per  cent. 


Sample  No. 

Quantity 

Accepiance  Numimr 

Bejeciiofi  Number 

1 

4 

♦ 

2 

4 

0 

2 

3 

4 

1 

3 

4 

4 

1 

3 

5 

4 

3 

4 

*  If  number  of  defectives  remains  0,  the  lot  is  accepted  after  ^coad  ample. 


4.  A  manufacturer  produces  10,000  electric  bulbs,  the  average  life  of  each  teing 
1,000  hours.  It  was  found  after  600  hours  that  375  bulbs  have  failed. 

(i)  Assuming  the  life  of  the  bulbs  folows  a  normal  distribution  curve, 

find  the  standard  deviation,  a. 

(ii)  How  many  bulbs  failed  in  the  first  400  hours  and  how  many  would  you 
expect  to  work  after  2,000  hoursi 

(iii)  WhaA  percentage  of  the  batch  corfd  he  as  “life  1,000  houre 

(iv)  To  ensure  continuous  light  in  a  square,  it  suggested  that  twin 
bulbs  be  fitted  on  each  lamp,  so  that  when  one  bulb  failed,  the  ^cond 
would  be  automatically  switched  on.  The  maintenance  schedule  was 
to  provide  for  all  bulbs  to  he  changed  after  1,800  hours.  If  there  were 
200  lamps  in  the  square,  how  many  would  you  expect  to  he  stil 
functioning  on  the  changrover  day!  In  how  many  of  these  would  the 
second  bulb  not  have  been  switched  on  yet! 

{Note:  The  standard  deviation  of  Urn  twin  bulb  arrai^inent  .is  given  by 

=  2a-“  I 

6.  Bars  emerging  from  a  rolling  mill  have  a  diameter  of  1.000  ±0.024  inch  in  99.7 
per  cent  of  the  cases,  and  it  was  found  that  the^  diameters  form  a  normal 

distribution. 

(i)  Find  the  standard  deviation  of  the  proc^. 

(ii)  In  a  batch  of  1,000  bars,  how  many  would  you  expect  to  have  a 

diameter  smaller  than  1.600  inch! 

(iii)  How  many  would  have  a  diameter  of  1.000  ( ^O.OOS)  inch?  How  many 
would  have  a  diameter  from  1.004  to  1.016  inch? 

(iv)  Sixty  per  cent  of  the  bars  have  a  diameter  of  1.000  (  ±x}.  Find  x. 
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4/ f'tinHt t'lHratn  nf  /'' 

M 

A  IH'HIflt 

(Nj 

/(ttnf/r 

(H) 

1 

1.010 

1 .020 

LOlO 

1  OOH 

1  (H)0 

1  01  1 

9,020 

g 

I.OOl 

L029 

0.990 

0,990 

0.990 

1  ,000 

0,029 

Ii 

LOIO 

Lo:io 

1 ,090 

1  (HO 

LIHM) 

1  OKI 

0.090 

4 

I.OlO 

LOOO 

0.990 

O,9H0 

0  990 

0,996 

0.020 

r» 

0.990 

0,990 

0.990 

0,99M 

1 ,002 

0,990 

0.012 

n 

LOOO 

LOOH 

0,990 

iJHO 

Logo 

1  .OOH 

0  090 

1 

KOlO 

LOlO 

L002 

0,9H0 

0,99H 

1,001 

0,090 

H 

LOOO 

LOO/i 

LOOH 

0,99H 

0,992 

LO<H 

0,016 

9 

1,000 

LOOO 

LOOO 

0,990 

0.99H 

LOOO 

0,016 

10 

1.010 

LOlO 

L02,0 

Logo 

LOlO 

LOlO 

0.0 10 

n 

1 .020 

L020 

LOlO 

LOlO 

LOOO 

1,019 

0,020 

12 

i.OOl 

0  9im 

0,990 

ojmo 

O,9H0 

0,992 

0.021 

l» 

0,9H0 

0.9H0 

0.990 

0,990 

IJHO 

0,992 

0  090 

14 

LOOl 

LOOO 

0.990 

LOlO 

LOlO 

1 ,009 

0,020 

U 

LOI/> 

LOIH 

L020 

LOOO 

LOiHI 

L0I2 

0.020 

16 

LOOO 

O0H>0 

0.990 

0,990 

L,oo:i 

0.99H 

0.010 

17 

1 .000 

LOOi) 

LOlO 

LOlO 

Logo 

LOlO 

0.010 

IH 

1 .020 

L020 

1 .020 

LOlO 

IJHIO 

LOI  1 

0.020 

19 

LOOO 

1.000 

LOOl 

0.990 

(09H0 

0.990 

0.016 

20 

0.990 

0.990 

LOOO 

LOlO 

L(»00 

0.999 

0.020 

'I'ol.nl 


MHI 
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II,  Cjmilitr  \iViuiii  dirJiH  vv<*ro  btifnn^  rniic.lnirig  i<h(^  aHH(unf)ly  lin(^  '‘.Fhe 

IhirluirfHi  fif nl  |,hn  dink  w«wi  Od  10  (  |  0.020)  ifn^h.  Sajn|)Hn|4  (may 
JnHir  f'ltvc  rcMsuIlri  an  ,nh(»wn  in  IJ>n  fn'crornpjyiyinii  (<ab)n. 

Sttmplf  Nth  Mvdimrvntvvin  /wr  S(Wip/r  {in  thirnmndthn  of  (m  inch) 


1 

H7 

105 

97 

95 

2 

100 

83 

109 

10 1 

3 

1 13 

92 

112 

98 

4 

113 

95 

94 

93 

5 

101 

107 

88 

87 

0 

92 

95 

111 

106 

7 

90 

102 

115 

90 

H 

99 

109 

10.2 

102 

0 

82 

109 

105 

116 

10 

89 

99 

105 

90 

1  1 

103 

1 10 

106 

86 

12 

HO 

115 

96 

89 

13 

109 

92 

98 

105 

14 

75 

113 

1 03 

110 

15 

105 

84 

84 

100 

10 

115 

92 

1 01 

108 

17 

1 24 

115 

114 

89 

18 

97 

103 

98 

93 

Wid(^  varin-Monn  in  l-hn  diidanifiti  of  l.hn  dinkn  nnikuHl  at  th(^  aHBcanbly 
and  jnd  l<n  l-bn  inuua’tinn  raw  rnal-(a'ia<I  wa.H  fanlty. 

(kauit-rnnl.  an  K  Jtnd  tl  <*fuu‘(/  a^nd  nxf)r(iHH  your  vi(mH  on  Uuh  rnattca*.  Tho 
dofUKrj  oOico  nonnaku'od  kho  (jUiMikion  of  {4p(HnO(aU/ionH  and  Ih  pr(^par(^(l  to  altar 
tluno  l.<»  0,108  (  1  0.024)  undn  Will  thin  fnodi(i(ud/ion  r(5Holva  th(?  dillicultioB? 


10.  lnHpn<?tion  <>r  i^lann  vrsancihj  (’.orninp»;  oO  a-  prodiKition  lin(^  in  HununaiT/od  in  tho 
ancofnf)a-nyir>K  ta4)l(%  Draw  a,  p  (control  chart.  What  conchmionH  would  you 
draw? 


Dote 


Nmn  her  /wpcclrd 


Number  Defectives 


Af'Jfil  4  h)0 

^  100 

0  100 

7  100 

8  IdO 

II  150 

1 1 

12  ir)0 

13  100 

\4  100 

15  80 

1 0  80 

18  75 

HI  70 

20  00 

21  100 

n  120 


10 

8 

7 
5 

12 

16 

14 
13 

8 

5 
4 
3 

6 
6 

12 

15 
12 
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11.  In  the  inspeetion  of  cloth  material,  a  sample  of  20  yards  was  taken  several 
times  e\^ery  day  and  the  number  of  defects  recorded  in  the  accompanying 
table.  Draw  a  control  chart  for  c. 

Sample  No,  Nu-mber  of  Defects 


1st  dav  1  5 

2  4 

3  3 

4  5 

5  6 

2nd  dav  1  2 

2  1 

3  6 

4  8 

5  3 

3rd  day  I  2 

2  4 

3  8 

4  2 

0  5 

4th  dav  1  4 

2  10 

3  12 

4  8 

5  6 

6  12 

5th  dav  1  6 

2  6 

3  2 

4  3 


12.  A  manufaeturer  makes  one  million  bushes  per  annum.  The  specifications  of  the 
internal  diameter  are  0.600  4:0.010  inch.  The  process  capability  may  be 
defined  by  0.600  ±x,  and  the  cost  of  producing  and  inspecting  one  bush  is 
l/(5x)  dollars,  when  x  <  0.100.  A  100  per  cent  inspection  is  carried  out  after 
production  to  sort  out  the  defectives,  each  involving  a  loss  of  0.1 6/x  dollare. 
Assuming  that  the  process  can  be  easily  adjusted  to  produce  a  mean  internal 
diameter  of  0.600  inch,  and  that  the  final  results  conform  to  the  normal 
distribution, 

(i)  Plot  the  cost  of  production  when  x  is  varied  from  0.100  to  0.010. 

(ii)  Plot  the  loss  due  to  the  number  of  defectives  for  the  same  range  of 
values  of  x. 

(iii)  Combine  the  two  curves  to  find  the  total  cost  and  determine  the 
value  of  X  for  minimum  eosfe. 
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PRODUCTION  COST  CONTROL 


Like  quality  control,  cost  control  is  not,  strictly  speaking,  a  production 
planning  and  control  function,  but  since  it  is  used  as  a  criterion  for  measuring 
the  effectiveness  of  the  plant,  this  treatise  will  not  be  complete  without  a  brief 
reference  to  the  subject.  Both  quality  control  and  cost  control  tel  us  how  weU 
the  plant  is  doing;  both  feed  vital  information  to  the  production  departments, 
information  on  wLich  corrective  actions  can  be  based  in  order  to  improve 
performance. 

As  stated  in  Chapter  15,  plant  efficiency  is  indicated  by  comparison  of  actual 
with  planned  performance.  In  quality  control  we  compare  the  quality  level  of 
components  or  products  with  the  desirable  level  as  stated  by  specifications. 
Similarly  the  purpose  of  cost  control  is  to  compare  the  actual  costs  incurr^  in 
production  with  predetermined  cost  factors.  The  procedure  is  as  indicated  by 
the  control  elements  enumerated  in  Chapter  15,  namely;  recording  data  while 
operations  are  performed,  analysis  of  the  data  in  the  form  of  cost  computations 
and  comparison  with  cost  estimates,  feeding  information  for  immediate  correc¬ 
tive  action  by  the  appropriate  departments  and  for  final  evaluation  of  perfor¬ 
mance  efficiency. 

For  cost  control  to  he  effective,  it  has  been  recogniz«i  in  recent  years  that  its 
procedure  must  follow  this  basic  pattern,  which  is  common  to  all  control 
functions.  The  development  of  standard  cost  accounting  has  been  very  helpful 
in  realizing  this  aim  and  in  making  cost  control  a  useful  managerial  control  tool, 
and  it  has  been  successfully  applied  in  many  industri^. 

Briefly,  standard  cost  accounting  begins  by  setting  standard  costs  to  the 
various  sources  at  which  costs  are  incurred.  This  k  a  planning  function 
(z=  estimating),  which  tries  to  anal^^e  the  production  operations,  the  plann^ed 
utilization  of  materials  and  facilities,  the  service  provided  by  various  depart¬ 
ments,  and  the  managerial  effort  involved,  and  to  interpret  afl  the^  factors  into 
cost  terms,  the  sum  total  of  which  will  give  the  cost  of  production.  Through 
cost  control  we  try  to  find  whether  these  standards,  or  “tai^ete,”  can  be  attained 

_ ^and  if  not,  why  not?  Is  it  because  there  is  a  waste  of  materials,  too  much  scrap, 

or  wasteful  use  of  facilities?  And  how  can  we  reduce  this  waste  to  improve  our 
performance,  so  that  we  can  be  more  competitive?  This,  in  short,,  is  what  cost 

control  is  about. 
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Standard  Cost  Accounting 

Control  is  facilitated  by  assignment  of  costs  to  cost  centers.  A  cost  center  is 
defined  on  a  functional  basis  to  include  machines  and  operators,  whose  control  is 
clearly  directed  by  one  supervisor  or  manager.  In  this  way,  costs  can  be  traced 
investigated,  and  analyzed,  and  responsibility  for  them  is  unquestionably 
definable.  Naturally  the  demarcation  between  cost  centers  must  be  clearly 
determined,  with  no  overlap,  and  there  may  be  several  cost  centers  in  one 
department,  depending  on  their  functional  responsibility.  The  production 
department,  for  example,  may  have  the  following  centers:  Press  shop,  machine 
shop,  tool  room,  painting,  maintenance,  etc. 

Within  each  center,  costs  are  attributed  to  specific  activities,  depending  on 
the  types  of  machines  or  skills  employed.  The  machine  shop,  for  instance,  may 
have  the  following  operations:  turning,  milling,  shaping,  grinding,  etc.  The 
expenses  at  each  center  are  classified  according  to  expense  items,  or  accounts, 
and  a  typical  monthly  summary  of  cost  breakdown  into  accounts  is  shown  in 
Table  20--1. 


Table  20-1 


Account 

Cost  Center 

Total 

A 

B 

0 

I) 

E 

F 

0 

H 

0.  Direct 
supervision 

1.  Indirect 
supervision 

2.  Direct  labor 

3.  Indirect  labor 

4.  Direct  materials 

5.  Indirect 
materials 

6.  Maintenance 
labor 

7.  Maintenance 
materials 

8.  Power  and  water 

9.  Other  services 

These  costs  must  be  related  to  a  common  denominator  for  the  purpose  of 
comparison  and  analysis,  and  in  standard  cost  accounting  the  “productive 
standard  hour”  (PSH  for  short)  is  commonly  adopted  for  this  purpose.  In  this 
way  the  costs  are  related  to  the  productive  capacity  of  the  plant  and  provide  a 
measure  of  the  variable  costs  incurred.  For  reasons  explained  in  Chapter  5  in 
connection  with  the  break-even  chart,  cost  control  based  on  unit  of  output  will 
not  provide  useful  information  about  the  performance  of  the  plant  because  the 
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l.ota!  rofitn  ol’ji  fi?icd  (mkiI.  and  a.  va,riaJ)lc^  aoni  (H)rnf)()ri[(ait.  li  in  by  Hegre- 

ga  tion  <d  I  hr  t-vvd  (  ha  t  analyiiin  hrtaaarti  [XKifiihh^  aaid  i\,n  (^xarnpk'.  of  a  Htaudard 
roal.  .alalrmrid.  ha.u'd  of)  iJu*  [a'odtad.ivr  nl-a^ndard  fioiir  ih  nhowa  in  Tahlo  26  2. 
hlacdj  <»|jrra,(.M>n  its  mlaird  (,o  (4a*  ninnhrr  of  PSII  najuinul  to  conrif)l(d)(^  it  (taking 
in(.(»  a(M’(Mnd,  (  hr  nadJaaln  ja’raraahrd  hy  [jrodnrtion  plannijng),  and  if  the  fixed 
("Ofiln  and  variahlr  v.i)i\U\  p<M'  PSII  (or  (-hin  (yfx*.  ol‘  opca’utiori  are  known,  the 
fHia.raia.nl  r.o;5(.  of’  (.hr  <;p<*ra(.ion  (ran  \h*  n‘a,dily  c-ornputt^d.  liy  adding  the  ntandard 
(*oM(.n  ol’  nyt(.<'ria.lfi  napiirrd  a,tal  »na.l<ir»g  [HaaniHHihlc!  allowaneeH  for  awarf  and 
{i<‘,ra,p,  (  lie  (.o(.a.l  n(.a.nda.rd  r.ofd.  or(*a,eli  eornf)o»Had/  e.an  (xvfonnd.  Thewe  atandard 
vaJn(*n  an*  (  iHai  rorn[)a,r<al  wi(4>  ae(.naJ  (xmi/  (ignn^H,  and  wlaauwer  the  diHcrcpancy 
ia  no  pronouri(X‘d  (.ha,t  further  irtvc^Hiiigaiion  in  napiired,  tiie  breakdown  figures 
r,m\  (h‘  <-ornpa.rrd,  axu'.onrd.  (dr  axauaini  a.nd  eont  e(Hit(‘.r  for  cost  center,  until  the 
ra.n?u‘n  an*  (irnilly  (.ra,<H‘d  and  studied  in  rnor(^  (hdyail. 


1'ahlo  20  2 

Stan4f*ird  Cont  Statcnienl  of  a  (Umiponeni  (in  dollars) 


(foHl  per  PH/l 

Operation 

()pmdwn 

PHH 

Coat 

Pixvd, 

V(  triable 

Total 

I  ,  IsiiU. 

I.friitment 

(1.022 

4J>i) 

2.00 

7.00 

0.164> 

2,  tiu'moK 

OJM/i 

0.00 

o.oo 

0.00 

0.405 

2,  wiiiHte 

Huitnrinl 

--0.J50 

IL  milling 

0.060 

0.00 

d.OO 

10.00 

0.636 

2,  wan  to 

mal.nriitJ 

— * 

-0.120 

r/ 

D 

(n  :$r(.(.ing  H(»ajida.rd  (u>h(/H  a.n<l  in  r(X!ordir)g  ('ont  ittuns  during  the  operations, 
i(,  in  irnpor(.a.n(<  (<o  liavr,  rJ(W’'(5ut  (hdinitionn  of  the  various  accounts;  otherwise 
(die  wlioir  fiani.M  (dr  e.ornr>nriHon  of  aedual  with  standard  figures  may  become  rather 
Hliad<y.  Sonn*.  e,onnnon  definitions  of  accounts  are  given  below: 

t>hrrt  mipfTnimon:  HUfXuwiHorH’  idnu^  (unploycul  in  directing  the  activities  of  the 
pnxl u<*(.ion  e,eril/(a'H  (unhcxlied  in  the  exist  center 
thdirert  miiHTtvlHwn:  irududing  staff  ndationships  and  (derical  personnel 
t>irvr.t,  lah(fr:  opia'a.(.orH’  time  closely  related  to  PSH 

IndircM  labor:  tdrne  (dial.  (;annot  be  related  to  PSH,  so  that  costs  can  be  com- 
puivod  ordy  a.H  an  average  over  a  number  of  PSH 
DirvH  naitsriulH:  rna-terials  r(Xjuired  to  make  one  unit  of  the  component  or 
firodiad.,  including  porrnissihle  swarf  and  scrap 

.  I)„riv.«l  l.y  I'f.-  <•-'>»'>  P''>-  ^ 

PSH  produevtive  Mtanclard  hours. 
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Indirect  materials:  materials  that  are  not  incorporated  in  the  pro(liic,t  U/ro 
required  in  the  process  of  production  and  supervision,  such  as  Han(l|)a,p<u% 
oil,  rags,  stationery,  etc. 

Mainiename  materials:  materials  and  parts  used  for  servicing  of  (H,|ii.iprnent 

Details  on  how  these  accounts  are  administered  can  be  found  in  rnoBt  of  thc^ 
standard  textbooks  on  cost  accounting. 

Further  Considerations  of  Break-even  Charts — Step-wise  Cost  Function’-^ 

Cost  control  and  the  analysis  of  the  break-even  chart  in  Chapter  5  are  normally 
based  on  the  assumption  that  the  cost  function  is  linear  and  continuons  and  is 
clearly  defined  by  two  components:  A  fixed  component,  F,  and  a  variable  one, 
aQ,  where  Q  is  the  quantity  produced.  In  practice,  however,  it  is  often  found  that 
the  fixed  costs  increase  in  a  step-wise  fashion  as  the  volume  of  production  grows 
(Fig.  20-1),  and  tins  phenomenon  is  attributed  to  the  fact  that  additional 


Figure  20-L  A  step-wise  cost  function. 


personnel  equipment,  and  even  whole  departments  have  to  be  added  when 
plant  ytivitv  attains  certain  levels.  Had  this  increase  been  a  gradual  one,  it 
couJd  have  been  mcluded  in  the  variable  costs  component.  But  in  their  very 
nature  these  increases  to  the  cost  function  are  similar  to  the  fixed  costs  F 
except  that  th^-  occur  at  different  stages  of  the  firm’s  growth  when  the  need 
arises.  The  BEP  is  obtained  at 

X" 

F  +  =  (20-1) 

“»ease  in  fixed  costs  at  the  ith  step  and  when  the  BEP  occurs 

2  This  section  may  he  omitted  at  first  reading. 
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TT  F  A~  IF  IF 

Hence  Q  =  ^  (20-2) 

h  —  a  9 

where  is  the  BEP  for  the  case  of  a  continuous  function  {F^  =  0)  and  9  is  the 
P/F  ratio  (see  Chapter  5). 


For  the  special  ease,  when  a  first  increase  of  Fq  is  expected  after  Qq-i  and 
subsequently  at  constant  intervals  of  activity  Qq  (Fig.  20-2),  the  BEP 


(20-3) 


and  we  know  that 

^^0-1  ~r  1)^0  ^  ^  ^  ^^0-1  “T  '^•Qq 

and  from  these  two  expressions  Q  can  be  evaluated.  First  let  us  assume  that  the 
solution  lies  at  =  Qq-i  +  (^  ~  !)(?{)■  Hence 


Q  —  Qi 


Q-Qo-i 


1 1  ^0 


or 


Q 


Qo  /  9 

Cl  [(Co-i/Co)  l](-^o/9) 


(20^) 


1  -  {l/Cfl)(^o/?) 

which  provides  a  first  approximation  for  Q.  k  can  then  be  evaluated  by 

^0 

and  the  solution  for  the  BEP  may  be  sought  through  Eq.  20-3  by  trial  and  error. 
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It  sho'uld  be  noted  that  in  some  situations,  more  than  one  Holiition  for  tlie 
BEP  is  po^ssible,  as  illustrated  in  Fig.  20-3  where  break-even  ocx^urs  both  at 

Q'  and  Q'': 


BEP  at  Q'  when  F  -f  kF^  +  aQ'  =  hQ' 

BEP  at  Q''  when  P  +  (ib  +  1)jFo  +  aQ''  =  bQ'' 


(2()»'5) 


In  the  interval  between  Q'  and  Q’'  the  plant  is  first  operating  with  a  vo.vy  small 
profit;  then  at  Q  =  it  operates  at  a  loss  due  to  an  incrc^asc^  in  the 

fixed  costs  bj  Fq,.  and  beyond  Q"'  the  profit  constantly  increases.  This  interval 
between^'"  and^"  may  be  called  the  hreah-even  range  (which  can  be  easily  shown 
to  be  Q"  —  Q'  =  FqI(p),  and  its  extreme  value,  Q",  should  be  considered  the 
decisive  factor  for  calculation  of  the  safety  factor. 


near  interval  of  it  is  best  to  operate 

increment  of  adveraely 
ecb  the  final  profit.  If  the  plant  operates  at  Q  =  jQ^,  wherej  >  k,  the  profit  is 

Zj  =  bQ  -[F+  jF^  -I-  ^  _  [-j,  ^2o_6) 

and  this  profit  is  reduced  to 

Z'^  =  Z^  -  Fq 

when  pQ  fixed  costs  are  added. 

Example 

The  annual  fixed  costs  of  a  firm  is  now  $4  200  000  anrl  woo  ^  • 

that  these  fixed  costs  increase  bv  S'W  ^  ^  practice 
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annual  production  volume  is  123,000  units,  find  (a)  the  BEP  and  the  break-even 
range,  if  any;  (b)  the  margin  of  safety;  (c)  the  profit. 

Solution 

Since  an  increment  of  Fq—  $200,000  occurs  every  Qq  =  15,000  units  (in  this 
case  the  firm  has  experienced  j  =  123,000/15,000  2:::i  8  such  incre¬ 

ments,  Given 

F  -f  jFq  =  4,200,000 

F  =  4,200,000  -  8  X  200,000  =  $2,600,000 


Hence 


2,600,000 

41 


=  63,500  units 


(a)  First  evaluation  of  Q  by  Eq.  20-4: 


«=- 


63,500 


200,000 


94,100  units 


15,000  X  41 


An  approximation  for  h: 


Qo  15,000 


Try  k  ~  5  and  6.  By  Eq.  20-3, 

For  k  =  5:  Q'  =  Qi  +  k— 

9 


=  63,500  +  5  =  87,900  units 

For  k  =  6:  Q"  =  63,500  +  6  =  92,700  units 


Check  for  k: 


h  =  ^  =  87^ 

^0  15,000  ^  ‘ 


Qft  Q9 

*  “  I;  =  liiooo  ®  "--‘WowT  (O.K.) 


It  can  he  easily  verified  that  other  values  of  Ic  do  not  qualify  under  this  test. 
Hence  the  break-even  points  are  at  Q'  and  as  calculated  above. 
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(b)  The  margin  of  safety  is 

V  _  _  123,000 

<3"  92,700 

(c)  The  profit  is  calculated  by  Eq.  20-6  as 


0.325 


oQ  ~[F  +  jP^]  =  41  X  123,000 

"  =4,i!6o,000  " 


4,200,000 


$H40, ()(»() 


The  Effect  of  the  Learning  Curve  on  Unit  Costs'^ 

bo  far.  the  break-even  analysis  was  based  on  a  linear  co.st  function,  which 
assumes  that  for  each  additional  unit  produced,  the  total  costs  increase  by  a 
constant  amomit,  a.  irrespective  of  the  production  volume.  The  coefficient  a.  in 


Figure  20-4.  Effect  of 
unit  costs  (as  gwen  btj 


quantltif  on 


the  triable  eoets  term  a(?  of  the  total  costs  function  is  the  constant  Conte  per 

Hint  ill  tins  analysis.  Costs  per  unit  can  be  described  by 


F  ==  total  costs  for  Q  units  F 

Q  units  Q 


■  a 


(20^7) 

ThTr^""  ^.-perlmla,  with  T  =  u  as  its  asymptote,  when  Q  ^  oo  (see  Fig.  20-4). 

the  fact  thatThe  increase  of  production  volume  is  due  to 

C  "  ^  ^"“ber  of  units  while  the 

direct  costs  are  assumed  to  remain  constant 

dir^’e™'ruLf 

prnf  *  ”  '  ^  ^  ®  function  of  Q.  For  one  thing  the  labor 

content  per  unit  is  kiiotvn  to  be  greatly  affected  by  the  learning  curve.  The 

®  This  section  maj-  be  omitted  at  first  reading. 
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direct  labor  costs  function  was  investigated  during  World  War  II  in  the  airframe 
industry,  and  it  was  found  that  direct  labor  costs  were  reduced  by  20  per  cent 
'when  the  number  of  frames  was  doubled,  the  function  being  described  by 

I  =  CQ^  (20-8) 

where  1  =  direct  labor 

Q  =  number  of  units  producted 
Cy7i  ==  parameters  (  — 1  <  w  <  0) 

The  function  is  shown  in  Fig.  20-5.  Here,  C  represents  the  cost  of  the  first  unit, 
&sl  =  C  for  Q  =  1.  The  cost  function  implies  an  assumption  that  as  the  number 
of  units  produced  increases,  the  costs  diminish,  and  for  an  infinite  number  of 
units  the  direct  labor  costs  are  zero.  This  assumption  is  based  on  two  facts: 

(1)  due  to  the  learning  curve,  workers  become  more  skilled  and  efficient,  and 

(2)  the  increased  degree  of  mechanization  of  the  plant  expands  production.  For 
the  purposes  of  this  analysis  this  model  is  adequate. 


Figure  20-5.  Direct  labour  cost 
function  (I  =  CQ^;—  I<:n<  0). 


A  surve3^  of  several  firms  from  various  industries  (aircraft  instruments, 
laminated  aircraft  plastic  assemblies,  electronic  data  processing  equipment, 
producers  of  electronic  and  mechanical  units,  aircraft  models,  World  War  II 
libert^^  ships,  a  semiautomatic  machine  producer,  a  textile  machine,  etc.)^ 
seemed  to  suggest  that  although  the  initial  cost  greatly  differed  for  different 
products,  there  was  Yerj  little  variation  in  the  percentage  of  cost  reduction.  If 
at  airy  production  volume  the  direct  labor  costs  were  considered  as  100  per  cent, 

^  Reno  R.  Cole:  Increasing  utilization  of  the  cost  quantity  relationship  in  maiiufacturing 
(J.  Industrial  Engineering,  May-Jime,  1958). 
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they  were  reduced  on  the  average  to  79.6  per  cent  (say  80 
volume  doubled.  Thus,  for  the  first  volume, 


per  cent) 


when  the 


h  =  OQ”, 

subsequently  ^ 

but  Zj/7j  =  0.8  and  Q,  =  2^^;  hence  0.8  =  2”,  or 


n  = 


-0.322  ~ 


niationed  .bove  pro™  to  be  eh..^ctei,tio 
lor  all  mdmot^ ,  this  result  for  n  is  mdependent  of  the  type  of  product  manu 
f.«u.ed  or  tho  o.,„es  of  C  and  «.  The  diaof-I.bor  coat  ton  tbcntZ^ 


I  =  (7^-0.322 


C 

'■Qi 


(20-9) 


and  this  is  a  very  useful  tool  when  direct  labor  costs  have  to  be  estimated  for 

certain  predetermined  production  Tolumes. 


Figure  2tV6.  Direct  cost  function 
(a  =  A-}-  BQ^:—  l<zn<:0). 


of  m^rLTl"  of  labor  alone,  but  also  materials,  cost 

with  the  product  "  and  other  erpenses  directly  associated 

That  fe  d  ,  ""Tf  ■  to  indicate 

somefhlTs  fiwf  r  toat  it  is 

milar  to  the  direct  labor  cost  function,  so  that 

a  =  A  +  BQ”’  (20-10) 

aLflTfi?'  rf ""  “  per  unit  and  -l<ii<0 

-  1),  the  direct  costs  are  a  =  J  whUe  for  ^-^oo  we  get  a  =  J  The 
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factor  A,  therefore,  indicates  the  cost  of  materials  and  other  direct  costs  when 
the  production  volume  is  so  high  that  hardly  any  direct  labor  costs  are  iucurred. 
To  find  n,  the  method  shown  above  can  be  used: 

For  Q  =  Q^  :  =  A  +  BQ\ 

For  Q  =  2Q^  :  a^  =  A  +  B(2QX 

or  ^  =  TF  =  2^ 

aj^  —  A 

and  ^  ^ 

log  2 

Further  research  is  required  to  establish  values  for  n  and  compare  it  with  that 
obtained  for  the  direct  labor  cost  function. 


'Figure  20-7.  Madifted  total  costs 
per  unit. 


Application  to  the  break-even  analysis 

In  the  break-even  analysis,  the  total  costs  per  Q  units  were  taken  as  F  aQ, 
when  it  was  assumed  that  (a)  fixed  costs  remain  unchanged,  irrespective  of  the 

volume  Q,  and  (b)  direct  costs  per  unit  remain  constant.  If  we  modify  these 
assumptions  in  the  light  of  the  above  discussion,  the  total  costs  function  may  be 

restated  as: 


W  = 


k 

+  +  BQ«]Q 

1 


(20-il) 


Fixed  <mts 
after  Ir 
increments 


Variable 

costs 


572  PrmiMdimi  Planning  and  Control 

or,  when  it  is  assumed  that  each  fixed  costs  increment  is  equal  to  the  fi-rst 
occumng  after  and  the  others  eyery  Qq,  we  may  conclude  that 


(20-^12) 

Fixed  costs  Variable 

after  k  costs 

increments 


y  =  S’-l-kFo  +  AQ  +  BQ-+^ 


Fig5ires  20-7  and  20-8  show  the  modified  total  unit  costs  and  the  modified 
breai-even  chart  (taking  Eq.  20-12  into  account),  and  these  should  be  compared 
with  Figs.  20-4  and  5-9,  respectively.  The  profit  at  point  Q  (see  Fig.  20-8)  is 

Z  =  bQ  —y 

«  Z={b-  A)Q  -  BQ”+i  -{F  +  kFo)  (20-13) 

and  the  BEP  is  found  when  Z  =  Q. 


Figure  20-8.  Break-even  analysis 
using  the  tnodifted  cost  function  • 


..d  .1.  fixed  eo.«  bv  « 

by  Eq.  20-13.  is  ^  mcrernent  Ji ihe  mcrease  in  profit, 

AZ  (6  A)AQ  B[(Q  -j-  AQ)"+i  —  _ Fg 
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When  >  0,  the  increase  is  worth  while;  i.e.,  when 

{b  -  A)AQ  -  B[{Q  +  Ae)"+i  -  (3"+i]  > 


^  -B  r/  A(3\"+i 

b  -  jLI  ^  q) 


Using  the  following  notation 


1  > 


-^0  1 
6  <2 


b  —  A 


)  (20-14) 


6  —  ^ 


The  last  expression  may  be  rewritten  as 

»'  —  4-  ~  ^ 

-An  approximation  to  substitute  the  square  brackets  can  be  found  through  the 
binomial  expansion  (using  the  first  two  terms) : 

(1  +  v)"+i  -  1  ~  1  -f  (n  +  l)i-  —  1  =  (ri  -f  l)v 
V  —  g[n  -f  l)v  G"  >  ^ 


or  >'1^1 -^(«  +  1)(2”J>| 

When  investigations  of  the  cost  function  characteristics  justify  using 


(20-15) 


K1  -  iffC-i)  >  ^ 


(20-16) 


Obviously,  the  larger  the  v  (=  the  contemplated  expansion  in  output)  and  the 
smaller  the  Q  (=  the  present  output),  the  better  is  the  chance  that  expansion 
will  increase  profit,  in  spite  of  the  iuerease  in  fixed  costs.  The  issue  depends, 
however,  on  the  values  of  the  parameters  g  and  h.  Furthermore  we  can  see  that 
if  P'  is  sufliciently  small  and  when  Q  is  large,  the  effect  of  the  learning  curve  is 
negligible,  and  the  simplified  linear  analysis  is  obtained,  since  then 

h 

Q 
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or,  by  substituting  Eq.  20-14, 

Ag  J’o  1 
Q  b-AQ 

In  this  ^  6  -  ^  is  the  P/  F  ratio;  hence  the  condition  that  positive  profit  wiU 

result  tnroughL  expansion  in  output  becomes 


AQ> 

9 

and  this  is  similar  to  the  analysis  included  in  Chapter  5. 


Cost  control  is  a  management  tool  that  assists  in  the  evaluation  of  plant 
performance  by  comparing  actual  cost  factors  with  the  corresponding  figures 
determmed  at  the  plaiming  stage.  Cost  analysis  is  usually  based  on  the  linear 
break-even  chart,  and  if  a  cost  accounting  system  is  to  be  efiective  in  cost  control 
It  must  involve  recording  procedures  that  would  facilitate  the  segregation  of  cost 
factors  into  fixed  and  variable  parameters.  Sometimes  the  simplified  linear 
break-even  chart  is  too  crude  a  method  for  cost  analysis  and  several  modifica¬ 
tions  have  to  be  considered,  such  as  the  significance  of  stepwise  changes  in  the 
fixed  costs  and  the  effect  of  the  learning  cmve  on  the  total  costs  function. 
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Problems 

1.  Consult  a  textbook  on  cost  accounting  and  compare  any  conventional  cost 

^counting  with  the  standard  cost  accounting  method.  What  features  does 
the  latter  have  to  make  it  potentially  an  effective  control  tool? 

2.  A  Moall  firm  employing  76  people  is  engaged  on  job  production  where  only 

-5  per  cent  of  the  orders  are  repeated.  As  a  production  engineer,  you  are 
asked  to  outline  a  c(^t  control  procedure  that  would  help  you  in  planning  and 

control  production.  Frepare  a  memorandum  with  your  suggestions  for  the 

plant  manager. 

3.  Costs  records  for  a  packing  and  shipping  department  are  shown  in  the  accom¬ 

panying  table  (all  figures  in  dollars) : 
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Account 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

Superv^ision  and  clerical 

1,100 

1,200 

1,100 

1,270 

1,300 

1,300 

Direct  labor 

2,800 

3,820 

5,630 

6,000 

6,910 

8,400 

Indirect  labor 

2,900 

3,010 

3,580 

3,810 

4,000 

4,080 

Direct  materials 

2,100 

3,000 

4,250 

5,000 

5,600 

6,730 

Indirect  materials 

810 

830 

910 

980 

1,020 

1,050 

Maintenance  labor 

510 

530 

610 

600 

540 

600 

Maintenance  materials 

420 

440 

430 

400 

400 

440 

Power  and  water 

310 

290 

330 

280 

360 

330 

PSH 

500 

650 

950 

1,100 

1,250 

1,500 

Account 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Supervision  and  clerical 

1,700 

1,700 

1,600 

1,600 

1,410 

1,380 

Direct  labor 

9,000 

8,800 

7,850 

7,060 

6,030 

5,020 

Indirect  labor 

4,900 

4,900 

4,100 

4,000 

3,500 

3,400 

Direct  materials 

7,800 

7,660 

6,300 

5,600 

4,800 

3,830 

Indirect  materials 

1,050 

1,040 

1,050 

1,030 

1,000 

950 

Maintenance  labor 

520 

500 

580 

590 

570 

550 

Maintenance  materials 

460 

390 

400 

450 

430 

460 

Power  and  water 

340 

280 

310 

330 

320 

350 

PSH 

1,750 

1,700 

1,400 

1,250 

1,050 

850 

(i)  Find  the  cost  items  per  productive  standard  hour  and  plot  their 
variations  against  time. 

(ii)  Can  you  suggest  any  correlation  between  the  various  accounts? 


4.  A  plant  is  operating  at  a  margin  of  safety  of  100  per  cent.  Show  by  the  linear 

break-even  chart  analysis  that  the  profit  is  equal  to  the  fixed  costs.  Would 
this  mean  that  the  profit  could  be  increased  by  increasing  the  fixed  costs? 

5.  (a)  'V^lien  the  cost  function  assumes  a  stepwise  shape,  as  shown  in  Fig.  20-3, 

show  that  the  break-even  region  is 

Q"  -Q'  =—"<«„ 

(b)  Under  what  circumstances  can  the  break-even  occur  at  three  points? 

6.  The  fixed  costs  for  a  certain  product  amount  to  $120,000.  When  the  annual 

output  reaches  25,000  pieces,  it  is  estimated  that  the  fixed  costs  would  increase 
as  a  stepwise  function  by  F,  =  $25,000  for  every  10,000  more  pieces  per 

annum.  The  variable  coste  are  $2.04  per  unit  and  the  sales  income  is  $6.60 

per  imit. 

(i)  Fmd  the  break-even  point  and  the  break-even  range,  if  any. 

(ii)  The  margin  of  safety  and  the  profit  when  output  reaches  50,000  per 

annum. 

(ill)  Plot  the  change  m  profit  when  the  output  changes  from  10,000  to 
100,000  pieces  per  annum. 

7.  Show^  that  when  the  effect  of  the  learning  curve  is  neglected,  the  BEP  is  higher 
than  the  one  suggested  by  Eq,  20-13. 
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a  r, insula  2C^15  was  obtained  by  using  only  the  first  two  terms  in  iho  expan¬ 
sion  g!  the  binomial  |1  -e  Modify  Eq.  20-15  by  inckiding  the  third 

term  in  the  expansion,  and  discuss  to  what  extent  this  w^ould  add  to  the 

aoeuraey  cf  your  expression. 

b  Shew  ihsi  if  B - ^  i\  there  is  no  learning  curve  effect  on  the  cost  function 

and  hence  on  Eep  20-15. 

*4  i*ant  IS  operating  at  an  output  of  10,000  units  per  month,  and.  it  is  known 
mat  ‘sjTjhoh  as  used  in  the  text): 


b  =  $25/unit 
A  =  1 13/unit 
B  =  115/unit 


the  effeci  on  profit  of  increasing  the  output  by  20  per  cent,  if  the 
fi.xed  costs  may  thereby  increase  by  $20,000. 

A  ,'.'rr.r,jnent  can  be  produced  by  three  methods  in  a  plant,  the  cost  estimates 

t»iiig  ^  follows: 


Fr&€t.m 

Frrgiug 

3IiL^‘hird2ig 

fiisriug 


Setup  CmU  Including  Dies 


S4I},0C«} 

$3,000 

$S,O§0 


J  ariabie  Costs  Coefficients  {$ limit) 
A  B 

0-30  0.20 

hlO  0.40 

0.70  0.30 


component  outside.  One  vendor’s  offer  is 

Up  to  20,000  pieces:  11.60/piece 
20.000-40,000  pieces:  $1. 10/piece 
More  than  40,000  pieces:  10.80/piece 

(take  n  =  -  1),  plot  the  cost 
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